University of Central Florida

STARS
Electronic Theses and Dissertations, 2004-2019
2012

X-ray Radiation Enabled Cancer Detection And Treatment With
Nanoparticles
Mainul Hossain
University of Central Florida

Part of the Electrical and Electronics Commons

Find similar works at: https://stars.library.ucf.edu/etd
University of Central Florida Libraries http://library.ucf.edu
This Doctoral Dissertation (Open Access) is brought to you for free and open access by STARS. It has been accepted
for inclusion in Electronic Theses and Dissertations, 2004-2019 by an authorized administrator of STARS. For more
information, please contact STARS@ucf.edu.

STARS Citation
Hossain, Mainul, "X-ray Radiation Enabled Cancer Detection And Treatment With Nanoparticles" (2012).
Electronic Theses and Dissertations, 2004-2019. 2290.
https://stars.library.ucf.edu/etd/2290

X-RAY RADIATION ENABLED CANCER DETECTION AND TREATMENT
WITH NANOPARTICLES

by
MAINUL HOSSAIN
B.S. University of Dhaka, 2009
M. S. University of Central Florida, 2012

A dissertation submitted in partial fulfillment of the requirements
for the degree of Doctor of Philosophy
in the Department of Electrical Engineering and Computer Science
in the College of Engineering and Computer Science
at the University of Central Florida
Orlando, Florida

Fall Term
2012

Major Professor: Ming Su

© 2012 Mainul Hossain

ii

ABSTRACT

Despite significant improvements in medical sciences over the last decade, cancer still
continues to be a major cause of death in humans throughout the world. Parallel to the efforts of
understanding the intricacies of cancer biology, researchers are continuously striving to develop
effective cancer detection and treatment strategies. Use of nanotechnology in the modern era
opens up a wide range of possibilities for diagnostics, therapies and preventive measures for
cancer management. Although, existing strategies of cancer detection and treatment, using
nanoparticles, have been proven successful in case of cancer imaging and targeted drug
deliveries, they are often limited by poor sensitivity, lack of specificity, complex sample
preparation efforts and inherent toxicities associated with the nanoparticles, especially in case of
in-vivo applications. Moreover, the detection of cancer is not necessarily integrated with
treatment. X-rays have long been used in radiation therapy to kill cancer cells and also for
imaging tumors inside the body using nanoparticles as contrast agents. However, X-rays, in
combination with nanoparticles, can also be used for cancer diagnosis by detecting cancer
biomarkers and circulating tumor cells. Moreover, the use of nanoparticles can also enhance the
efficacy of X-ray radiation therapy for cancer treatment.
This dissertation describes a novel in vitro technique for cancer detection and treatment
using X-ray radiation and nanoparticles. Surfaces of synthesized metallic nanoparticles have
been modified with appropriate ligands to specifically target cancer cells and biomarkers in vitro.
Characteristic X-ray fluorescence signals from the X-ray irradiated nanoparticles are then used
for detecting the presence of cancer. The method enables simultaneous detection of multiple

iii

cancer biomarkers allowing accurate diagnosis and early detection of cancer. Circulating tumor
cells, which are the primary indicators of cancer metastasis, have also been detected where the
use of magnetic nanoparticles allows enrichment of rare cancer cells prior to detection. The
approach is unique in that it integrates cancer detection and treatment under one platform, since,
X-rays have been shown to effectively kill cancer cells through radiation induced DNA damage.
Due to high penetrating power of X-rays, the method has potential applications for in vivo
detection and treatment of deeply buried cancers in humans.
The effect of nanoparticle toxicity on multiple cell types has been investigated using
conventional cytotoxicity assays for both unmodified nanoparticles as well as nanoparticles
modified with a variety of surface coatings. Appropriate surface modifications have significantly
reduced inherent toxicity of nanoparticles, providing possibilities for future clinical applications.
To investigate cellular damages caused by X-ray radiation, an on-chip biodosimeter has
been fabricated based on three dimensional microtissues which allows direct monitoring of
responses to X-ray exposure for multiple mammalian cell types.
Damage to tumor cells caused by X-rays is known to be significantly higher in presence
of nanoparticles which act as radiosensitizers and enhance localized radiation doses. An
analytical approach is used to investigate the various parameters that affect the radiosensitizing
properties of the nanoparticles. The results can be used to increase the efficacy of nanoparticle
aided X-ray radiation therapy for cancer treatment by appropriate choice of X-ray beam energy,
nanoparticle size, material composition and location of nanoparticle with respect to the tumor
cell nucleus.
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CHAPTER 1:INTRODUCTION

1.1 Early Detection of Cancer

Cancer is a highly complex disease in which genetic alternations cause cells to divide
without control and spread into other tissues and organs. Nation`s leading cancer organizations
estimated a total of 1,596,670 new cases of cancer with 571,950 projected deaths for the year
2011 in the United States alone.1 According to the American Cancer Society, cancer still remains
the second major cause of death in the United States of America in 2010, next only to
cardiovascular diseases. Worldwide, 12.5% of the deaths are caused by cancer which is more
than the total percentage of deaths from AIDS, malaria and tuberculosis combined. The trends in
incidence and death rates differ from one type of cancer to another and depend on several factors
including age, sex, ethnicity, socio-economic condition and access to medical or healthcare
facilities for cancer diagnosis and treatment. Although, the overall number of cancer patients and
those dying from the disease have declined over the past decade, cancer still continues to be a
major threat with over 11 million projected deaths worldwide in 2030.2
According to the World Health Organization (WHO), existing modalities for cancer
management can prevent only up to one-third of new cancer cases. The rest two-third needs to be
dealt with strategies that integrate early detection with effective treatment measures.3 Early
detection refers to the timely diagnosis of cancer in symptomatic individuals and screening in
asymptomatic persons who are at risk of developing the disease. Early diagnosis can reduce
mortality and recurrence probability of cancer by allowing early treatments when tumors can be
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easily treated.4 Unfortunately, cancer is often diagnosed and treated too late when the cancer
cells have already invaded other parts of the body by a process known as metastasis. In
metastasis, tumor cells detach from primary sites and are carried by bloodstream to distant
organs where they can implant themselves giving rise to secondary tumors. The early detection
and removal of these circulating tumor cells (CTCs) from blood can play an important role in
preventing the onset of metastasis, which causes death of over 90% of cancer patients. For
example, the five year survival rate of localized breast cancer is 95%, while that for metastatic
cancer reduces to 30%, thus highlighting the importance of early detections in cancer
management.5 However, early and accurate diagnosis of cancer remains a challenging task since
many of today`s diagnostic techniques are limited by poor sensitivity, extensive sample
preparation efforts, long turnover times, lack of multiplicity, high cost, and high rate of false
positives. In addition, diagnosis is followed by treatment that often involves frequent exposure to
high radiation doses, chemotherapy and invasive measures like surgery which prolong patient
suffering.

1.2 Nanotechnology in Cancer Management

Nanotechnology is a multidisciplinary field that involves the design and engineering of
nano-tools and nano-objects between 1-100 nm in size. At the nanoscale, quantum mechanical
effects start to dominate and the physical, chemical, and biological properties of materials differ
from their bulk counterparts.6 By creating nanometer-scale structures, it is possible to control
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fundamental characteristics of a material, including its melting point, magnetic properties, and
even color, without changing the material’s chemical composition.
According to the National Cancer Institute, nanotechnology promises to achieve
significant breakthroughs in the fields of cancer diagnosis, treatment and prevention. Nanoscale
objects such as nanoparticles and quantum dots are smaller than the human cells (5-10 µm in
diameter) and can readily interact with biomolecules on both the cell surface and within the cell.
These molecular level interactions provide useful information for monitoring complex cellular
processes including the onset of biomolecular transformations leading towards cancer metastasis.
The surfaces of nanoparticles can be modified with appropriate ligands to target tumor cells with
high specificity and affinity and are used extensively for delivering therapeutic drugs and
imaging contrast agents to the cancer cells while sparing the normal healthy cells. Surface
modifications render nanoparticles biocompatible and reduce toxicity levels, which is crucial for
in vivo applications. Applications of nanotechnology for cancer management involve the use of
nanoparticles for detecting cancer at its earliest stages, precisely locating its position within the
body, delivering anticancer drugs, specifically to malignant cells, and determining if these drugs
are killing the malignant cells. Figure 1-1 summarizes the cancer nanotechnology applications
through molecular tumor imaging, early detection, molecular diagnosis, targeted therapy, and
bioinformatics.7
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Figure 1-1 Nanotechnology applications in cancer management.

Imaging of tumors for cancer detection is currently being achieved through several
modalities that include X-ray based computed tomography (CT), positron emission tomography
(PET), single photon emission computed tomography (SPECT) and magnetic resonance imaging
(MRI). Although, methods like CT, MRI and X-rays have achieved high spatial resolution, they
use non-targeted contrast agents and are often unable to distinguish cancer cells from normal
cells at early stages of cancer development. The efficacy of existing imaging techniques can be
greatly enhanced using targeted nanoparticles to specifically bind to or penetrate tumor cells.8
For instance, bioconjugated prostrate membrane antigen targeting quantum dots have been used
successfully for simultaneous targeting and imaging of prostate tumors in living mice. The key
lies in identifying one or more target molecules that are overly expressed in cancer cells but are
rare in normal cells. The large surface area of nanoparticles allows them to be conjugated with a
variety of functional groups or ligands that can be combined with multiple diagnostic and
therapeutic agents for simultaneous detection and treatment of cancers. Moreover, the
4

nanoparticles encapsulated with biocompatible polymers have prolonged circulation in blood and
can accumulate at sufficient concentrations inside the tumor cells for producing high contrast
images. Since cancer is a heterogeneous disease, diagnosis and treatment largely depends on the
molecular profiles of the individual patients. Recent advances in cancer nanotechnology offer
exciting opportunities for personalized oncology in which diagnosis and treatments can be
tailored based on the exact genetic and molecular characteristics of the individual concerned.
This is further aided by bioinformatics tools that can analyze massive amount of genomic and
proteomic data along with patient histories for identifying and validating multiple cancer
biomarkers.9

1.3 Role of Biomarkers in Cancer Detection

Cancer biomarkers are found in tumor tissues or serum and include a wide variety of
molecules such as deoxyribonucleic acid (DNA), messenger ribonucleic acid (mRNA),
transcription factors, cell surface receptors, and secreted proteins. Cancer biomarkers can be used
for prognosis to predict the natural course of a tumor, indicating whether the outcome for the
patient is likely to be good or poor. They also enable monitoring of a patient`s response to a
given drug and the efficacy of the drug. Identifying the presence of biomarkers allows early
detection of cancers. However, since cancer is a heterogeneous disease, detection of a single
biomarker is insufficient for providing information about tissue type and malignant
transformation throughout the various stages of tumor development and progression.10 In
addition, biomarkers are present in extremely low concentrations and are difficult to detect in the
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background of complex body fluids. Parallel to efforts to find specific biomarkers, a feasible way
of enhancing diagnostic reliability is to detect multiple cancer biomarkers with high sensitivity at
the same time.11 The multiplexed detection reflects functional relation among biomarkers, and
identifies biomarkers associated with different stages of disease, allowing early detection of
lethal cancers.
Nanoparticles with unique optical, electrical, magnetic or electrochemical signatures can
be used for biomarker detection owing to their intimate contact with biomolecules. Extremely
high sensitivities have been achieved at pico or femto-mole/liter levels by converting
bio-recognition events into measurable physical signals that can be amplified.10 But, the
multiplicity of nanoparticle detections using optical methods is limited due to narrow operating
range and broad peak: only one or few types of biomarkers can be detected at one time; and
screening multiple biomarkers in a sample will take long time, a lot of agents and effort.
Commonly used techniques for cancer biomarker detection include polymerase chain reaction
(PCR), enzyme-linked immunosorbent assay (ELISA), and DNA microarray. These methods
have certain benefits such as high throughput, but they mostly suffer from poor sensitivity and
extensive sample preparation efforts. An ideal detection scheme would be one that offers high
sensitivity and multiplicity for identifying multiple biomarkers at ultralow concentrations.

1.4 Role of Circulating Tumor Cells in Cancer Metastasis

Metastasis in cancer patients is characterized by the presence of tumor cells that are shed
into blood from primary tumors and carried by the bloodstream to distant organs. These
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circulating tumor cells or CTCs directly correlate with metastatic disease state providing useful
information about tumor growth and regression as well as disease progression. Detection and
analysis of CTCs therefore play a crucial role in predicting the prognosis and overall survival of
cancer patients and are essential for selecting and monitoring cancer therapy.

1.5 Radiation Induced Damage of Cancer Cells

Radiation therapy typically uses high doses of radiation such as X-rays for killing cancer
cells or tumors. Together with chemotherapy and surgery, radiation therapy forms one of the
most important methods of cancer treatment. Being highly penetrating, X-rays and γ-rays can be
used to treat deeply buried cancers without using invasive measures. In radiation therapy, a beam
of radiation attenuates as it passes through the patient, depositing energy along its path. The
energy deposited per unit mass is referred to as the dose. At high doses, radiation damages the
DNA inside tumor cells making them unable to grow and divide, eventually causing cell death.
The killing effect is achieved either directly through the interaction of radiation with tumors or
indirectly through the hydrolysis of water molecules inside tumor cells. The latter generates large
numbers of highly reactive and unstable free radicals or reactive oxygen species (ROS), which
immediately react with any biomolecules in the surrounding area, causing irreparable cellular
damage. Figure 1-2 illustrates the mechanism of DNA damage using X-ray radiation.
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Figure 1-2 Mechanisms for radiation induced DNA damage.

The free electrons generated from hydrolysis of water lose their kinetic energy and enter
into a pre-hydrated state (e-pre). Prehydrated electrons then form complexes with water molecules
and hydrated electrons (e-hyd). Prehydrated electrons also react with the bases of DNA duplexes,
forming transient anions which in turn could decompose, breaking molecular bonds in the DNA.
Although, radiation therapy is targeted towards solid tumors inside the body, normal and
non-cancerous cells surrounding tumors will also be affected by the radiation. Radiation therapy
therefore aims to maximize the dose to tumor cells while minimizing exposure to normal,
healthy cells.
Careful treatment planning by a radiation oncologist and use of techniques such as
collimation or beam filtration can minimize radiation damage to normal cells. However, these
measures still suffer from lack of selectivity between malignant and healthy cells. Preferential
uptake of high atomic number (Z) nanoparticles such as gold (Z = 79) by the tumor cells have
8

been shown to produce localized dose enhancements upon irradiation by kilovoltage X-rays.
Previous studies demonstrated ~30-50% increase in radiation induced damage to tumor cells
loaded with X-ray absorbing metallic microspheres. These high Z agents provide a high
probability for photon interaction by photoelectric effect. Increased absorption of X-rays by the
high Z nanoparticles attached to the tumor wall transfers a large portion of the energy of the
primary ionizing photons directly to the tumor. The high linear energy transfer of resulting
photoelectrons, characteristic X-rays and Auger electrons are responsible for localized dose
enhancements causing lethal damage to the tumor cells while sparing normal, healthy cells. The
enhancement factor depends on the size, location and concentration of the nanoparticles, the
energy of the primary X-ray beam as well as the cell type that is being irradiated. A combined
treatment strategy with nanoparticles and X-rays therefore promises better tumor control than
either nanoparticles or X-rays alone.

1.6 Needs for an Integrated Cancer Management System

It is clear that early detection of multiple cancer biomarkers and CTCs in blood play a
significant role in enhancing the survival rate in cancer patients. Although new and improved
techniques for detection and treatment of potential cancers have emerged over the past decades,
most of them have not been incorporated into clinical practices due to their complex nature and
lack of reliability in identifying multiple cancer types in vivo. Moreover, an integrated system
that combines both detection and treatment has not yet been demonstrated. Here, we propose a
novel technique for detecting and quantifying multiple cancer biomarkers and CTCs with high

9

sensitivity and specificity using characteristic X-ray fluorescence signatures from targeted
metallic nanoparticles. Once the tumor has been identified, X-ray dose can be tuned to kill
cancer cells in-situ and on demand, allowing simultaneous detection and treatment. Synthesized
high Z metallic nanoparticles are modified with appropriate ligands to bind with targeted cancer
biomarkers (DNAs and proteins) by forming a double helix DNA chain or sandwiched
antibody-antigen complexes. Nanoparticles are also combined with folic acid ligands to be
conjugated with the folate receptors overexpressed on the surface of certain cancer cells. The
targeting specificity of the nanoparticles and the level of toxicity have been investigated through
several experiments as described in the subsequent sections. The actual design incorporates a
portable X-ray tube and detector that is capable of detecting X-ray photons with energies ranging
between 0-40 keV at a resolution of 145 eV. Characteristic X-ray fluorescence signals that are
induced from the metallic nanoparticles upon X-ray irradiation can be used to detect the presence
of cancer biomarkers and tumor cells while strength of the signal can be used for quantifying the
extent of the disease.
The proposed mechanism offers a number of advantages over the current methods of
cancer detection. Since X-ray signatures are unique to individual elements, different
nanoparticles can be used to target multiple tumor types (or biomarkers) at the same time,
allowing multiplexed detection with high sensitivity and specificity. Results are obtained
instantaneously as the samples are being irradiated and long turnover times are not required as in
the case of existing techniques. In case of in vivo applications, this significantly reduces patient
exposure time, thereby lowering the risks of inducing secondary cancers due to over doses of
radiation. In addition, surface modifications have been performed to reduce inherent nanoparticle
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toxicities. With high penetrating power of X-rays, the method can eventually be used to detect
deeply buried cancers in vivo. X-ray dose can be easily tuned by varying the tube current, voltage
and using appropriate collimation and filtration of the X-ray beam in order to achieve desired
killing of cancer cells. Dose management and radiosensitizing effect of nanoparticles targeted
towards the cancer cells are essential in order to minimize damage to the healthy cells while at
the same time maximizing the lethal effects in cancer cells. For in vitro analysis, little or no
sample preparation is required. The device for X-ray irradiation and characteristic fluorescence
detection is highly portable and can be readily integrated into existing clinical settings.
Moreover, data acquisition is fully automated and can be analyzed very quickly with
commercially available softwares.

1.7 X-rays

Since its discovery in 1895 by physicist W.C Rontgen, X-rays have been used
extensively for both diagnosis and therapy. X-rays are highly penetrating and invisible
electromagnetic radiation capable of producing images of tissues, bones, and organs and
detecting tumors inside the human body. X-rays are more readily absorbed by bones than by
surrounding blood and tissues producing images with distinct contrasts that allow identification
of solid tumors or lesions. Moreover, X-ray irradiation of cells and tissues can generate free
radicals that can damage the DNA of cancer cells as described in section 1.5. Use of X-rays
therefore allows simultaneous detection and treatment of cancer.
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1.7.1 X-ray Generation

X-rays are commonly produced by accelerating electrons through a potential difference
and directing them onto a target material (typically tungsten). The high energy electrons are
decelerated in the strong electromagnetic field of the target atom’s electrons or nucleus. The
deceleration of the fast moving electrons produces a continuous spectrum of bremsstrahlung or
braking radiation and the characteristic X-rays. The continuous spectrum of the braking radiation
extends from zero up to the particles` initial energies. For the sharp peaks of the characteristic
X-rays, their energies correspond to the energy levels of the atomic electrons in the target
material. The characteristic X-ray lines are superimposed on the continuous bremsstrahlung
X-ray spectrum. Figure 1-3 shows a typical X-ray spectrum from a tungsten target X-ray tube:

Figure 1-3 X-ray spectrum from a tungsten X-ray tube.
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1.7.2 X-ray-Matter Interaction

Figure 1-4 illustrates the various methods by which X-rays can interact with materials.
Figure 1-4A represents the primary, unattenuated radiation that passes through a material without
any interaction. The main interactions responsible for diagnostic and therapeutic X-rays include
elastic and inelastic scattering and photoelectric absorption. Pair production occurring for
extremely high energy (1.02 MeV) X-ray photons has not been discussed here.

Figure 1-4 X-ray interactions with atoms.

In elastic or Rayleigh scattering, an incoming X-ray photon undergoes collision with an
electron in an atom. Upon collision, the incident X-ray photon is deflected without any loss of
energy (Figure 1-4C). The energy of the electron is raised but it is not removed from the atom.
When the electron returns to its previous energy level it emits an X-ray photon with energy equal
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to that of the incident one but with a slightly different direction. The probability of Rayleigh
scattering increases with increasing Z of the target atom and decreasing X-ray energy.
For inelastic or Compton scattering, an X-ray photon of energy Eo, greater than the
binding energy of an atomic electron, collides with an electron in an atom. The photon gives
either the whole or a part of its energy to the electron (Figure 1-4D). The electron receiving
partial energy from the X-ray photon recoils and is removed from the atom at an angle ϕ. The
rest of the energy Es is transferred to the scattered X-ray photon which is deflected at an angle θ
relative to the incident photon. The probability of Compton interaction is proportional to the
electron density of the material concerned and is independent of Eo for energies ranging between
10-150 keV. Above 150 keV, the probability decreases approximately as 1/ Eo
When the incident X-ray photon has sufficient energy Eo to eject an electron from the
atom, the phenomenon is described as photoelectric absorption (Figure 1-4B). The kinetic energy
of the ejected electron is given by the difference between the incident X-ray photon energy Eo
and the binding energy EBE of the electron shell .The probability of photoelectric absorption is
proportional to the cube of the atomic number of the interacting atom and inversely proportional
to the cube of the energy, as Z3/Eo3. Photoelectric interaction is more likely to occur with higher
atomic number elements and lower X-ray energies. In photoelectric effect, ejection of electron
from its shell leaves the atom in its excited state which shortly returns to its stable state through
one of two possible mechanisms: X-ray fluorescence and Auger effect. The first effect results in
the emission of a characteristic X-ray while the latter results in the ejection of another electron
(Auger electron) from the atom.
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1.7.3 X-ray-Fluorescence (XRF)

X-ray fluorescence (XRF) is defined as the emission of characteristic "secondary" (or
fluorescent) X-rays from a material that has been excited by bombarding with high-energy
particles or X-rays. The phenomenon is widely used for elemental analysis since it is quick,
non-destructive and also offers simultaneous detection of multiple elements based on
characteristic XRF signals.
According to the Bohr Theory of atoms, electrons in an atom are arranged in shells
surrounding the nucleus. The shells are designated as K, L, M, N … corresponding to n = 1, 2, 3,
4 with K-shell being the innermost shell followed by the second innermost L-shell and so on.
Other discrete energies exist within each shell which is due to different subshells (orbitals of
identical n but differing l) within each shell. Photoelectric absorption of primary X-ray photons
by an atom typically results in the ejection of electrons from the K-shell. The vacancy left behind
by the ejected electron will be filled up by an electron from the outer shell (L-shell or M-shell)
with less binding energy, producing characteristic X-ray photons with energy equal to the
difference in electron binding energies of the two corresponding electron shells. The process is
illustrated in Figure 1-5:
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A

B

Figure 1-5 A typical XRF phenomenon. Incident X-ray photon ejects K-shell electron (A)
L-shell electron fills the K-shell vacancy resulting in the emission of secondary X-rays (B).

The most common electron transition occurs from the L-shell to the K-shell and the
corresponding X-ray energy is referred to as Kα. This is further classified into Kα1 and Kα2
depending on the L-subshell responsible for the transition. In a typical XRF spectrum, Kα1 and
Kα2 show up as pronounced peaks superimposed on the bremsstrahlung as shown in Figure 1-6.

Figure 1-6 Typical XRF spectrum with K-peaks.
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The transition from M-shell to K-shell refers to the Kβ energies (Kβ1 and Kβ2). Similarly,
M-shell to L-shell and N-shell to L-shell transitions yield Lα (Lα1 and Lα2) and Lβ (Kα1 and Kα2)
X-ray photons respectively. Figure 1-7 shows the energy levels involved in the production of K
and L-line X-rays:

Figure 1-7 Main lines in the K and L spectra.

Since each element can be characterized by a unique set of energy levels, the energy of
these characteristic X-rays are specific to every element. This is in accordance with Moseley`s
law which describes the relation between atomic number (Z) and energy (E) of a spectral line
according to E (keV) = K (Z-1)2 where K = 1.042×10-2 for the K-shell and 1.494×10-3 for the
L-shell For example, the Lα1 XRF peak of gold (Z = 79) occurs at 8.40 keV while the Lα1 XRF
peak of lead (Z = 82) occurs at 10.55 keV. As a result, using high resolution X-ray detectors,
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characteristic XRF peaks can be detected and used to identify the element. In addition, if
background correction is made, the area under the corresponding XRF peak can be used to
quantify the amount of the element present in the sample.
As described in section 1.7.2, ionizations followed by photoelectric absorption do not
always result in X-ray emissions. The Auger effect competes with the production of fluorescent
X-rays. The fluorescence yield of an atomic shell or sub shell is defined as the probability that a
characteristic X-ray photon is emitted when one of the outer electrons fills the vacancy in an
inner shell. Mathematically, the ratio of the number of emitted X-rays to the total number of
ionizations is the fluorescence yield ωi where i designates the shell involved. Fluorescence yield
increases with atomic number and is greater than 95% for K X-rays of elements with Z >78. For
a given element, the fluorescence yield decreases from the K series to the L and M series. The
fluorescence yield can be approximated by ωi = Z4/(Ai+Z4) where Ai is approximately 106 for the
K shell and 108 for the L shell.

1.8 Energy Dispersive X-ray Fluorescence Detection System

A basic XRF system consists of four essential components:
1. A X-ray source
2. A sample
3. A detector
4. A data acquisition and collection system
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Figure 1-8 illustrates a typical energy dispersive XRF (EDXRF) system where the X-ray
tube and detector are arranged in reflection mode:

Figure 1-8 EDXRF detection system.

A polychromatic beam of X-rays from the X-ray tube excites the atoms in the sample
resulting in the emission of secondary X-rays (XRF) that are characteristic of the elements
present in the sample. The detector collects the emitted X-rays and sends electrical pulses to the
data acquisition system in order to produce a spectrum showing the intensity (counts) of X-rays
with respect to the energy of the X-ray photons. The process is often referred to as energy
dispersive XRF or EDXRF. One or more peaks for each element present in the sample are
observed in a typical XRF spectrum. The elements can be identified by looking up the
corresponding energy value from a standard XRF chart. Figure 1-9 shows a complete setup of
the EDXRF system used in our experiments:
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Detector

Sample on stage

X-ray tube

Figure 1-9 Complete EDXRF detection system.

1.8.1 X-ray Tube

In the following experiments Amptek`s (Bedford, MA) Mini-X X-ray tube is used which
is a self-contained, packaged, miniature X-ray tube system. It includes the X-ray tube, the power
supply, the control electronics and the USB communication to the computer. A grounded anode
together with variable current and voltage via USB allows ease of operation. Mini-X features a
40 kV/100 μA power supply, a silver (Ag) transmission target, and a beryllium end window and
generates X-ray photons with energies ranging between 0-40 keV. A flashing red light emitting
diode (LED) and a beeper acts a warning for the user when X-ray is turned on. The Mini-X is
provided with a collimator to facilitate its use in XRF applications. It consists of a brass
collimator with an aluminum insert and a cover that screws into the Mini-X. The collimator has a
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2 mm diameter hole, reducing the focal spot size to 2 mm. Without the collimator the X-ray
beam spreads into a 120°cone, whereas, the collimator reduces the cone to about 10°. In addition,
a set of filters with varying materials and thickness is also available to tune the generated X-ray
spectrum.

1.8.2 X-ray Detector

The detector used is Amptek`s X123. It is a compact, integrated system consisting of the
X-ray detector and preamplifier, digital pulse processor (DP5), multi-channel analyzer (MCA)
and a power supply. The complete architecture of X-123 is shown in Figure 1-10:

Figure 1-10 X-123 architecture.

The typical detector is a Si-PIN photodiode: X-rays interacting in the silicon create an
average of one electron/hole pair for every 3.62 eV of energy lost in the silicon, which is the
input signal. The detector is mounted on a thermoelectric cooler along with the input field effect
transistor (FET) and coupled to a custom charge sensitive preamplifier. The thermoelectric
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cooler reduces the electronic noise in the detector and preamplifier. The digital pulse processor
digitizes the preamplifier output, applies real-time digital processing to the signal, detects the
peak amplitude (digitally), and bins this value in its histogramming memory, generating an
energy spectrum. The spectrum is then transmitted over the DP5’s interface to the user’s
computer.
The energy resolution of a detector is its ability to resolve X-ray photons of different
energy (or wavelength). The resolution is generally measured as the full width of the peak at half
maximum intensity (FWHM), and is given by FWHM/H0 where H0 is the highest energy peak.
The energy resolution for X123 for the 5.9 keV peak of
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Fe is 145 eV FWHM to 260 eV

FWHM depending on detector type and shaping time constant.

1.8.3 Calibration

The key to XRF measurements lies in precisely identifying the energy at which the XRF
peak occurs. This can be achieved through accurate calibration of the detector prior to
measurements. Once an X-ray photon impinges on the detector, it sends out an electrical pulse to
the MCA. MCA will allocate X-ray photons to their appropriate channel depending on the
energy. The data recorded is an array of numbers, each number representing the total count of
X-rays for that energy (intensity). The number placement in the array represents the channel
number, in ascending order. Figure 1-11 shows the MCA where each box represents a channel
and the number inside the box denotes the count of X-rays for a specific energy
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Figure 1-11 Multichannel analyzer.

During calibration, specific energy values are assigned to the correct channel in the
MCA. This is done by collecting the XRF signal from a standard sample whose XRF peak
energies are known. Once the channels, where the X-rays are allocated are identified, the known
energy values can be assigned to those channels. The calibration process consists of identifying
at least two channels with known energy values and then applying a curve fitting technique to
those data points. Typically a linear fit is used as shown in Figure 1-12:

Figure 1-12 Linear fit for MCA calibration.
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For calibrating our instrument a standard stainless steel (SS316) sample has been used.
SS316 consists of iron (Fe), molybdenum (Mo) and manganese (Mn) among other elements. The
sample is fixed onto a holder at a distance of 2 cm from the tube and the detector and is exposed
to X-rays at 40 kV and 100 µA for 2 min using the setup in Figure 1-9.
The channel scale is converted to an energy scale using the ADMCA software provided
with the system. First, the full scale range (in this case 40 keV) of the detector is set by adjusting
the gain of the amplifier to 38. Since the XRF spectrum of standard SS316 sample is known,
energy values can be assigned to appropriate channels. An automatic calibration is performed by
ADMCA using a linear fitting technique.

1.8.4 Data Acquisition and Analysis

XRF spectrum is collected and analyzed using Amptek`s ADMCA software package. The
software also provides full control for Amptek signal processors and X-ray spectrometers.
Features such as peaking time, gain, total count, input count, etc. can also be controlled. The
spectrum is displayed in real time showing discrete energy peaks. Data analysis includes
calculation of centroid, FWHM, net area, and other quantities. Simple arithmetic manipulation,
e.g. subtracting a “blank” or “background” spectrum, scaling to match previous data, etc can be
performed easily using ADMCA.
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1.8.5 Safety Measures

The setup is housed inside a custom designed lead acrylic chamber with 1 mm lead
equivalent thickness that is capable of stopping X-rays with energies of up to 100 keV from
reaching the exterior. The Mini-X has also a hardware interlock in order to prevent accidental
exposure. This interlock must be shorted (enabled) in order for the Mini-X to produce X-rays.
Figure 1-13 (right) and 1.-13 (left) show the enabled and disabled configurations, respectively,
for the interlock system.

Figure 1-13 Mini-X interlock enabled (right) and disabled (left).

The interlock allows interfacing of external safety mechanisms. A safety lock (not shown
in the figure) consisting of a reed switch is installed on the door of the chamber and wired to the
interlocks of the X-ray tube. The external circuit is powered by a 5 V d.c. power supply. When
the door is open, the magnetic switch keeps the interlocks in open circuit configuration and
therefore the X-ray tube cannot be turned on. Once the door is closed, the interlock is shorted
and X-ray production can resume.
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CHAPTER 2:X-RAY FLUORESCENCE DETECTION OF MULTIPLE
CANCER BIOMARKERS WITH NANOPARTICLES

2.1 Introduction

Detecting DNA and protein biomarkers with high sensitivity allows early detection of
cancers. Although many cancer biomarkers with certain specificity have been found, it is clear
that no single biomarker is likely to distinguish lethal cancer from indolent ones at early stages
due to lack of tumor specificity. Limitations of existing techniques for cancer biomarker
detection have already been mentioned in section 1.3.The interaction of incoming X-rays with
atoms generates characteristic X-ray fluorescence (XRF) signals, which can be used to quantify
trace elements in tissues such as bones and also identify cancers with high sensitivity and
specificity.12-19 Though XRF has shown great potential for tissue imaging, it has not been applied
to biomarker detection by intentionally introducing nanoparticles. This work describes an XRF
based technique for multiplexed biomarker detection using a panel of metal and alloy
nanoparticles. These nanoparticles are modified with ligands of biomarkers to establish a
one-to-one correspondence, and immobilized on a substrate that has been modified with ligands
through ligand-biomarker interaction, after forming complexes with target biomarkers in three
strand or sandwich configurations (Figure 2-1).
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Figure 2-1 Biomarker detection based on XRF of composition-encoded nanoparticles, where
three-stranded detection of oligonucleotides and sandwich detection of protein are carried out in
reflection mode, and transmission mode, respectively.

The nature and amount of multiple biomarkers can be detected at high sensitivity by
determining the presence and amount of according nanoparticles with characteristic XRF. The
high penetrating power and non-destructive nature of X-rays also allow quantitative imaging of
multiple biomarkers, where results can be obtained instantaneously with high spectral resolution.
The nanoparticles are very stable under physiological conditions even without silica or polymeric
coating, and can be used for either in vitro detection or in vivo imaging, or biomarker profiling in
tissue samples.
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2.2 Experimental Section

2.2.1 Synthesis of Nanoparticles

Metallic nanoparticles of metals and alloys such as indium, bismuth, tin, and lead-tin
alloy nanoparticles are made by thermal decompositions of organometallic precursors in ethylene
glycol in presence of a surfactant (polyvinyl-pyrrolidone or PVP) at 200°C under nitrogen
protection. After reacting for 30 min, reactions are quenched in 200 ml of ethanol pre-cooled at
0°C. Nanoparticles are separated from un-reacted precursors by centrifugation, washed by
ethanol, and dried. The morphologies of nanoparticles are confirmed by using transmission
electron microscopy (TEM). The average diameter of the synthesized nanoparticles was 30 nm.

2.2.2 Surface Modifications

The as-synthesized nanoparticles are surface-oxidized by heating at 110°C for 10 min in
ambient

condition,

and

aminized

by

incubating

in

5%

alcoholic

solution

of

(aminopropyl)triethoxy-silane (APTES) for 1 h. After removing excess silane by centrifugation,
aminized nanoparticles are suspended in dimethyl sulfoxide (DMSO) containing 5%
N-succinimidyl (4-iodoacetyl) aminobenzoate (SIAB) for 20 min. After removing excess SIAB,
nanoparticles are incubated with thiolated probe single strand DNA (ssDNA) in phosphate buffer
solution (PBS, pH 7.0) at room temperature for 3 h. Amine-modified nanoparticles are then
incubated with disuccinimidyl suberate (DSS) in DMSO for 1 h. After removing excess DSS,
nanoparticles are incubated with antibody inside PBS for 3 h. Solid substrates (i.e., aluminum
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plates) are modified with capture ssDNA or antibody using similar methods as described for the
modification of the nanoparticles.

2.2.3 XRF Detection

A Mini-X X-ray tube (Amptek, Bedford, MA) operating at a voltage of 40 kV and tube
current of 15 μA is used to generate primary X-rays. The tube is fitted with a brass collimator to
reduce beam size to 2 mm in diameter. An X-ray spectrometer (Amptek X-123) with
thermoelectrically-cooled Si-PIN photodiode is used to analyze XRF emissions. The
spectrometer contains detector, digital pulse processor, and multichannel analyzer, interfaced
with computer for data acquisition and analysis. XRF signals from the X-ray irradiated
nanoparticles are detected in both transmission and reflection modes (Figure 2-1). In
transmission mode, X-ray tube and detector are aligned in the same line; while in reflection
mode, the tube and the detector are fixed on a mounting plate with an angle of 45° between them.
The tube-sample distance and sample-detector distance are kept at 3 and 2 cm, respectively. The
detector gain and peaking time are adjusted to keep dead time below 60%. The whole setup is
enclosed in a lead containing acrylic chamber with 1 mm of lead equivalent thickness. The
primary 40 kV X-rays can excite electrons with binding energies below 40 keV, thus only L line
emissions can be excited in case of high atomic number nanoparticles (i.e., lead and bismuth).
Background spectra are obtained using fresh aluminum plate that does not contain immobilized
nanoparticles.

29

2.3 Results and Discussions

The detection is carried out in three stranded configuration (DNA) or sandwich
configuration (protein). Ligand-modified aluminum plates are immersed in PBS solutions
containing target single strand DNA (ssDNA) at pH 7.0 for 3 h. The capture and probe DNA will
bind specifically to the target DNA through the bonding between complementary base pairs and
thereby form the three stranded configuration. Prior to X-ray exposure, the aluminum plates are
washed with PBS (pH 7.0) for three times in order to remove any unbound or non-specifically
bound nanoparticles. Following this, the plates are dried in air and tested using the XRF setup of
Figure 1-9. Figure 2-2(A) shows lead Lα1 line (10.55 keV) and lead Lβ1 line (12.61 keV) from
lead-tin alloy nanoparticles (60% lead and 40% tin by mass) immobilized on an aluminum plate
after detecting 100 nM DNA, where the two L peaks have different intensities due to difference
in fluorescence yields.

Figure 2-2 XRF spectrum of lead-tin alloy nanoparticles after detecting 100 nM ssDNA (A),
where red and blue lines are background and signal, respectively; the peak areas of lead Lα1
(black) and Lβ1 (red) as a function of ssDNA concentration (B).
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The intensity ratio of Lβ1/ Lα1 lines is determined to be ~0.7, which is close to the ratio of
their fluorescence yields (~1.0).20 The quantitative measure of target DNA concentration is
obtained from the area under the XRF peaks after removing background. Figure 2-2(B) shows
linear dependences of peak area on DNA concentration for both peaks in the range of 1 to 100
nM, which is obtained after removing background, and integrating area under each peak. The
minimum concentration of ssDNA for which the XRF peaks are discernible above background is
1 nM. The top line (black) represents the area under the Lα1 peak and the bottom line (red)
represents the area under the Lβ1 peak. The slope of each line is a measure of the detection
sensitivity for the according L line, and is found to be higher for the larger Lα1 peak compared to
the smaller Lβ1 peak. A similar method has been used to detect ssDNA using indium, tin or
bismuth nanoparticles (not shown). Providing other conditions (nanoparticle diameter, collection
time, X-ray flux, and detector-sample distance) are identical, lead-tin alloy and bismuth
nanoparticles provide the highest detection sensitivities compared to other nanoparticles due to
their higher fluorescence yields.
The sensitivity of detection can be enhanced by stacking substrates with immobilized
nanoparticles, and detecting characteristic X-ray emissions in transmission mode. Simulated
results are shown in Figure 2-3 for bismuth nanoparticles. Several aluminum plates that have
immobilized bismuth nanoparticles after detecting DNA have been stacked on top of each other,
forming layers, followed by X-ray exposure. Figure 2-3 inset shows intensity of Lα1 peak as
function of the number of stacked aluminum plates when only four plates are used.
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Figure 2-3 Intensity of bismuth Lα1 peak as a function of the number of layers of aluminum
plates containing immobilized ssDNA conjugated with bismuth nanoparticles; four aluminum
plates are stacked together to enhance signal intensity in transmission mode (inset).

A linear relation exists when total number of layers is four as shown in Figure 2-3 (inset).
The limit on the number of stacking plates has been calculated according to the following: (1)
X-ray absorbance by aluminum and bismuth nanoparticles is based on Lambert-Beer law, and (2)
generation of characteristic X-ray emission is proportional to thickness (layers) of bismuth
nanoparticles on aluminum plates. Assuming that primary X-ray beam is monochromic and has a
uniform energy of 40 keV, the net intensity I of fluorescence emission can be derived using:
+

).exp{- n (

+

where ω is fluorescence yield of bismuth Lα1 (0.37), n is number of stacking
nanoparticle-aluminum layers, d and μ are thickness (or diameter) and total X-ray absorption
coefficients of aluminum (1) and bismuth (2), respectively. The solid curve in Figure 2-3 shows
simulated results, where the thickness of aluminum plate is 0.15 mm, the diameter of bismuth
nanoparticles is 10 nm, and bismuth nanoparticles form a monolayer on the aluminum plate.
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After reaching a certain maximum (80 stacked plates), the fluorescence emission decreases due
to increased self-absorption and scattering of the secondary X-rays by the thicker layers of
aluminum plates, meaning that the maximum number of layers will be 80, which corresponds to
a sensitivity of 0.0125 nM for DNA detection.
Multiple ssDNAs have been detected using bismuth, lead-tin, tin, and indium
nanoparticles at the same time, where an aluminum plate is modified with a mixture of four
capture ssDNAs at equal amounts. Figure 2-4 shows characteristic XRF peaks of four different
nanoparticles after detecting four types of target ssDNAs, where lead (10.55, 12.61 keV),
bismuth (10.84, 13.02 keV), indium (24.21, 27.27 keV), and tin (25.27, 28.48 keV) can be
distinguished from background

Figure 2-4 XRF spectrum of lead (10.55, 12.61 keV), bismuth (10.84, 13.02 keV), indium
(24.21, 27.27 keV), and tin (25.27, 28.48 keV) nanoparticles after detecting four types of
ssDNAs at concentrations of 100 nM , where the inset shows lead and bismuth L peaks at higher
magnification, where bottom and top lines are background and signal, respectively.
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The difference in fluorescence intensity is induced mainly by fluorescence yield, which is
higher for elements with higher atomic number. The Si-PIN detector that can resolve 140-260 eV
peak at 5.9 keV enables distinction of lead Lα1 and Lβ1 (10.55 and 12.61 keV) lines from bismuth
Lα1 and Lβ1 lines (10.84 and 13.02 keV) as shown in Figure 2-4 (inset). Based on energy
resolution of detector, and energy range of detection, the number of possible fluorescence peaks
that can be detected will reach ~150, meaning that this method allows simultaneous detection of
~150 different peaks. On the other hand, the number of XRF peaks depends on how many
different atoms are available in form of nanoparticles. From the periodic table, ~50 different
types of elements could be made into nanoparticles with characteristic X-ray signatures, thus, the
detection multiplicity of nanoparticle enabled XRF technique could reach ~50.
The feasibility of in vivo protein biomarker detection/imaging using XRF has been
studied after immobilizing prostate specific membrane antigens (PSMA) onto substrates.
Ligand-modified aluminum plates are immersed in PBS solutions containing antigen at pH 7.0
for 3 h; after washing plates with PBS (pH 7.0), the plates are immersed in PBS solution
containing PSMA antibody modified bismuth nanoparticles for 3 h. After removing excess
nanoparticles by washing, the plates with immobilized nanoparticles are analyzed by XRF.
Figure 2-5 (A) shows the emission lines of bismuth (top) at 10.84 (Lα1) and 13.02 (Lβ1) keV
above background (bottom), where difference in peak area is induced by difference in
fluorescence yields. The areas of both peaks depend linearly on antigen concentration (Figure
2-5(B)), from which the detection limit for PSMA by using bismuth nanoparticles is 1 ng/ml.
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Figure 2-5 XRF spectrum of bismuth nanoparticles after detecting 100 ng/ml of protein
biomarker (A), where bottom and top lines are background and signal, respectively; the peak
areas of bismuth Lα1 (top) and Lβ1 (bottom) as a function of protein concentration (B).

The aluminum plates with DNA-linked bismuth nanoparticles have been coated with 10
mm thick polymethyl methacrylate (PMMA) in order to mimic tissues surrounding tumors.
Figure 2-6 shows XRF peaks of bismuth exposed to 40 kV X-rays, where the signal intensity
does not decrease appreciably after polymer coating and the peaks can still be identified easily.

Figure 2-6 XRF spectrum of bismuth nanoparticles immobilized on aluminum plate with 100
ng/ml of protein biomarker and then covered with 10 mm PMMA.
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Furthermore, XRF is used to image multiple biomarkers after immobilizing bismuth
nanoparticles and lead nanoparticles on a plastic substrate. The patterned areas cover 20×20 mm2
with 2 mm separation, and are coated with 10 mm thick PMMA as shown in Figure 2-7(left).
The sample is mounted on an x-y translational stage. A two-dimensional scan is carried out at 1
mm step size by moving the sample in x-y direction. The peak intensities for bismuth (10.84
keV) and lead (10.55 keV) are recorded at each position and background is removed. Figure
2-7(right) shows the spatial distribution of net XRF intensities on a two dimensional space,
where column height represents fluorescence counts after removing background.

Figure 2-7 Setup for 2D image scan (left); spatially distributed intensities of two discrete areas
on a plastic substrate covered with bismuth and lead nanoparticles (right).

Two distinct regions are identified with significant increase in fluorescence intensity,
reflecting that X-ray beam hits on bismuth or lead region. In contrast to computed tomography
(CT) where thickness contrast is considered, the energy resolving XRF can differentiate
nanoparticles based only on the characteristic X-ray energies. This allows more scopes for
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multiplexed imaging, and early detection of lethal cancers by indicating functional relation
among biomarkers, and identifying biomarkers associated with different stages of disease.
X-ray dose is estimated by using PCXMC, a PC-based Monte Carlo simulation program,
in which X-ray photons are followed as they randomly interact with phantoms according to
probability distribution of processes such as photoelectric absorption, coherent (Rayleigh) or
incoherent (Compton) scattering.21 This produces a large number of independent photon histories
from which the mean values of energy depositions can be estimated and used to calculate doses.
A total of 20,000 photon histories have been generated at tube voltage of 40 kV. The thicknesses
of silver target and beryllium window are 1.5 and 500 μm, respectively. The anode angle and
focus-sample distance are taken as 13°, and 3.0 cm, respectively. The beam width and height of
collimated beam are taken as 2 mm. The current-time product of 1.8 mAs is obtained at tube
current (15 μA) and exposure time (120 s). In case only beryllium window is used as filter, the
Monte Carlo simulation in PCXMC results in a total body dose of 0.47 μGy and an effective
dose of 0.72 μGy for an average adult (70 kg). These are lower than the average radiation doses
in regular medical procedures such as an abdominal X-ray (1.4 mGy) or an abdominal CT scan
(8.0 mGy).

2.4 Conclusion

This method has the potential to detect multiple cancer biomarkers inside human body.
Nanoparticles with suitable surface modifications can be taken into body, and conjugated onto
tumors through antigen-antibody interaction. The penetrating power of incoming X-rays can be
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tuned by using beams of higher energy. The dose absorbed by the body can be further reduced by
using monochromatic beams or beams with less background by appropriate filtration. By
quantitatively imaging multiple surface biomarkers of cancer cells, the reliability of in vivo
cancer detection can be hopefully enhanced without much harmful effects on humans. The
technique can also be applied for the detection of circulating DNA in blood that is responsible
for cancer metastasis.
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CHAPTER 3: X-RAY RADIATION ENABLED DETECTION AND
ERADICATION OF CIRCULATING TUMOR CELLS WITH
NANOPARTICLES

3.1 Introduction

Detecting circulating tumor cells (CTCs) released into the blood stream of patients during
cancer development could provide a sensitive and minimally invasive way to monitor cancer
progression.22-25 But, it is challenging to detect CTCs in blood, because CTCs in early-stage
cancer patients are extremely rare (1 CTC in 7.5 ml of blood or 1 CTC against 103-107 nucleated
cells in blood).26 An enrichment step is required prior to CTC detection.27-28 Many techniques
have been used for CTC enrichment such as microfluidic CTC chips,29-32 magnetic particles,33-35
microfiltration,36-38 dielectric separation,39 and flow cytometry.40-42 These methods are dependent
on physical properties of tumor cells (size, mechanical stiffness, or dielectric property), or
surface receptors over-expressed on tumor surfaces. Once collected, CTCs can be detected with
fluorescence method,43-44 photoacoustic method,45-48 electrical method,49 flow cytometry, cell
counting, and Raman spectroscopy.50-52 Though these methods have shown the prospects of
CTCs in cancer management, existing CTC techniques are limited for few reasons: (1) CTC
numbers detected by different methods vary drastically from several to several hundred, which
can be partly due to tumor heterogeneity in patient and complex nature of blood, but is more
likely due to variation in collection or detection efficiency of different methods; (2) CTC
detection has not been seamlessly integrated with treatment, thus patients will have to wait for
certain time before treatment starts, which can lead to tumor metastasis to distant organ; (3)
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chemotherapy is often used for CTC treatments, but drugs used in chemotherapy are toxic to
normal cells, and there is no localized treatment option available for CTCs. If CTCs could be
killed locally and non-invasively, damage to normal cells will be minimized, and there is no need
to use invasive treatments such as surgery. Nanostructured materials (i.e., golden carbon
nanotubes and magnetic nanoparticles) have been used in combination to capture and detect
CTCs, but the method needs complicated photoacoustic devices for CTC detection, and tumor
killing is not integrated.45 CTC detections have also been achieved in vivo using flow cytometry
after labeling CTCs with fluorescent probes that target surface receptors of CTCs,30 but the
method does not take CTC removal or elimination into consideration.
X-ray fluorescence (XRF) has been used to detect multiple DNA and protein biomarkers
by using metallic nanoparticles as probes.53 XRF spectrometry is a widely used analytical
method for detecting trace elements in various samples due to its high sensitivity, specificity and
simplicity.54-55 The characteristic X-ray emissions from elements, present in the X-ray irradiated
samples, are detected using an X-ray spectrometer. The amount of each element present in the
sample can be quantified based on the intensity of according XRF peak or by calculating the area
under the peak after removing background. Bismuth nanoparticles are promising candidates for
biomarker detection, cancer imaging and therapy due to bismuth’s large atomic number (Z = 83)
and relatively low toxicity.56 Meanwhile, superparamagnetic iron oxide nanoparticles are well
known for their enrichment capability and biocompatibility and have been widely applied in
detection of rare analytes.57 This work describes an integrated in-vitro method that can also be
used for in vivo CTC management by combining magnetic nanoparticle based capture, XRF
based detection and X-ray radiation killing of CTCs. The feasibility of this integrated approach
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has been confirmed in this proof-of-concept in vitro experiment: superparamagnetic iron oxide
nanoparticles and X-ray absorbing bismuth nanoparticles are modified by folic acid (FA) ligands
that bind to folate receptors (FR) over-expressed on tumor cell surfaces; after adding both
nanoparticles in cell suspension, nanoparticles can bind specifically on surfaces of tumor cells; a
micro-magnet allows localization of CTCs in a small area (preferentially underneath the skin in
case of in vivo detection); an incoming X-ray beam excites the characteristic X-rays of bismuth
nanoparticles, signaling the presence of CTCs; subsequently, X-ray intensity can be increased to
damage DNA of CTCs and kill CTCs locally as shown in Figure 3-1

Figure 3-1 Nanoparticle enabled integrated enrichment, detection and killing of circulating tumor
cells.
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3.2 Experimental Section

HeLa (CLL-2) and MG-63 (CRL-1427) cell lines are obtained from American Type
Culture Collection (ATCC, Manassas,VA).3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltertrazolium
bromide (MTT) kit for mammalian cells is supplied by Invitrogen (Carlsbad, CA). Single donor
human whole blood containing anticoagulant of ethylenediaminetetraacetic acid (EDTA) is
obtained from Innovative Research (Novi, MI). FA is obtained from VWR (West Chester, PA).
Hydrated bismuth nitrate (Bi(NO3)3·5H2O), sodium borohydride (NaBH4), RPMI 1640 culture
media, penicillin, streptomycin, fetal bovine serum (FBS), and Dulbecco’s phosphate-buffered
saline (D-PBS) are from Sigma-Aldrich (St. Louis, MO). Ultrapure water (18.2 MΩcm-1) from
Nanopure System (Barnstead, Kirkland, WA) is used throughout. All the other chemicals are
obtained from VWR (West Chester, PA) and used as received.

3.2.1 Synthesis of Nanoparticles

Iron oxide nanoparticles are synthesized as follows: 1 mmol of Fe(acac)3 and 4 mmol of
1,2-dodecanediol are dissolved into a mixture of 10 ml of benzyl ether, 3 ml of oleic acid and 1
ml of oleylamine. The mixture is then dehydrated at 110 °C under argon flow for 1 h, and heated
up to 200 °C for 30 min, and at 290 °C for 2.5 h. After cooling to room temperature, 30 ml of
anhydrous ethanol is added in the mixture to separate nanoparticles. The nanoparticles collected
by centrifugation (7000 rpm, 10 min) are washed with ethanol and dispersed in hexane. After
precipitated with acetone, the nanoparticles are dispersed in 1 mol/l ammonia in isopropanol,
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sonicated for 30 min, centrifuged, and washed with acetone, toluene and ethanol to remove oleic
acid and oleylamine.
Bismuth nanoparticles are made as follows: 0.1 mmol of Bi (NO3)3 and 0.5 mmol of poly
(vinylpyrroldone) (PVP) are dissolved in 10 ml of N,N-dimethylformamide (DMF). The mixture
is degassed with argon for 15 min under stirring. 0.3 ml of 1 mol/l NaBH4 in water is mixed with
10 ml of DMF and added in the mixture of Bi(NO3)3 and PVP under vigorous stirring and argon
flow for 5 min. The nanoparticles are precipitated by adding acetone, followed by centrifugation,
washing with acetone and drying in vacuum. A JEOL 1011 transmission electron microscope
(TEM) operated at 100 kV is used to derive the size and shape of the synthesized nanoparticles.

3.2.2 Conjugation of Nanoparticles with Folic Acid

The conjugation of FA with iron oxide nanoparticles and bismuth nanoparticles is carried
out as follows:58 both nanoparticles are washed twice in ethanol, centrifuged, dried at 110 °C for
1 h, and vacuum-dried overnight to remove adsorbed water. 15 mg of dried nanoparticles are
dispersed in 3 mmol/l of (3-aminopropyl)-triethoxysilane (APTES) in 5 ml toluene. The mixture
is sonicated and incubated at 60 °C for 4 h. The suspension is centrifuged, and the precipitates
are sonicated in toluene for 10 min, and washed with toluene and ethanol. The precipitates are
then added to the mixture of 1 ml of 10 mmol/l FA solution in 500 µL of dimethylsulfoxide
(DMSO), 1.5 ml of 15 mmol/l N-hydroxysuccinimide (NHS), and 1.5 ml of 75 mmol/l
1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) solution in water, using triethylamine
as a catalyst. After adjusting pH to 9 and incubation at 37 °C for 4 h, the suspension is
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centrifuged, and precipitate is washed with deionized water and vacuum-dried overnight.
FA-modified nanoparticles are redispersed in PBS to 1 mg/ml, and stored in refrigerator. The
hydrodynamic diameter of FA conjugated nanoparticles in PBS is measured by dynamic light
scattering (DLS) with PD2000 DLS detector. The covalent bonding of FA with the nanoparticles
is confirmed using Fourier transform infrared spectroscopy (FTIR).

3.2.3 Cell Culture and Nanoparticles Treatment

Human adenocarcinoma HeLa cells and human osteosarcoma MG-63 cells are cultured in
75 cm2 flasks that contain 15 ml RPMI-1640 medium supplemented with 10% FBS and 5%
penicillin at 37 °C with 5% CO2. When cells become 80% confluence, an equimolar mixture of
100 µg/ml of FA-conjugated iron oxide nanoparticles in PBS (~1013 particles/ml) and 100 µg/ml
of FA conjugated bismuth nanoparticles in PBS (~1011 particles/ml) is added to the petri dish
containing the cultured cells (~1105). After incubating for 24 h (37 °C and 5% CO2), the cells
are rinsed five times in PBS to remove any unbound or non-specifically bound nanoparticles.
The cells are then detached from flasks by incubating with trypsin-EDTA solution at 37 °C for 5
min, followed by centrifugation at 1000 rpm for 8 min, before being redispersed in PBS and
introduced into an in vitro circulating system designed to mimic human blood flow.
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3.2.4 Setup for CTC Capture, Detection and Killing

A Mini-X X-ray tube (Amptek, Bedford, MA) with a silver anode operating at 30 kV and
15 µA is used to produce primary X-rays. The tube is fitted with a series of brass and tungsten
collimators to reduce outgoing beam size from 2 mm to 400 µm in diameter. An X-ray
spectrometer (Amptek X-123) with Si-PIN photodiode is used to analyze XRF emissions in the
transmission mode. The X-ray spectrometer contains a solid-state detector, a digital pulse
processor and a multichannel analyzer, which are interfaced with a computer for data acquisition
and analysis. A 25 µm thick silver filter and a 250 µm thick aluminum filter are used in
combination to reduce background and improve signal-to-noise ratio (SNR) in low energy region
(0-15 keV) of the XRF spectrum. A neodymium-iron-boron micro-magnet obtained from BJA
Magnetics (Leominster, MA) with diameter of 300 µm, length of 2.5 mm and field strength of
0.5 mT is attached onto one side of a polyethylene tube of 1 mm inner diameter. The distance
between X-ray source and the tube, and that between the tube and detector are 2 and 1 cm,
respectively. HeLa cells (~1105) containing FA conjugated bismuth nanoparticles and FA
conjugated iron oxide nanoparticles at a nanoparticle concentration of 100 µg/ml are dispersed in
1 ml of PBS. The cell-nanoparticle conjugates are pumped through the tube with a pump at a
pulsatile flow rate of 0.1 cm/s (close to that in human body), and are captured by the
micro-magnet on the internal wall of tube just underneath the X-ray source. The captured CTCs
are exposed to X-rays for 10 min. The XRF peaks from bismuth nanoparticles at 10.84 and 13.02
keV are used to determine the presence of CTCs. The XRF emissions from iron oxide
nanoparticles are not used for CTC detection, because the magnet attached to the side of the tube
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also gives off characteristic iron peaks in the XRF spectrum. To kill captured HeLa cells through
radiation induced DNA damage, the X-ray dose is increased by increasing the exposure time to
60 min and the tube voltage to 40 kV. A photograph of the whole setup is shown in Figure 3-2:

X-ray tube

Tube with CTCs in PBS
Pump

Micro-magnet
Detector

Figure 3-2 Setup for CTC enrichment, detection and killing using X-rays and nanoparticles.

To evaluate the performance of our method in detecting CTCs in whole blood, the
flowing PBS is replaced with human blood spiked with HeLa or MG-63 cells at a concentration
of 104 cells/ml. The cultured cells have been incubated for 24 h with FA conjugated bismuth
nanoparticles and iron oxide nanoparticles at a nanoparticle concentration of 100 µg/ml followed
by PBS wash for five times before adding to the whole blood. The spiked blood samples are
diluted (10x) with PBS to ensure a steady flow inside the tube by preventing any agglomeration
or coagulation. The captured cells are exposed to X-rays for 10 min at 30 kV and 15 µA and
XRF counts for the bismuth peak at 10.84 keV are recorded. To serve as control, a background
spectrum is also collected using only diluted blood samples.
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3.2.5 Comet Assay

In order to test DNA damage, X-ray irradiated HeLa cells in 1 ml of 1X PBS are added
into 2% low melting point agarose at a 1:1 volume ratio at 37 °C. 300 µL of the cell-agarose
suspension is dropped onto each of three 4×3 cm2 GelBond slides and allowed to settle at 37 °C
for 10 min. The agarose is solidified by placing GelBond slides at 4 °C for 10 min. The
irradiated cells are lysed by immersing slides in lysis buffer (10 mmol/l Tris-HCl, 100 mmol/l
Na2EDTA, 2.5 mol/l NaCl, 1% Triton X-100) at pH 10 and 4 °C for 1 h. The slides are placed in
an electrophoresis chamber filled with alkaline buffer (0.3 mol/l NaOH and 1 mmol/l Na2EDTA)
for 40 min. The electrophoresis is carried out for 30 min by applying an 18V dc voltage across
the chamber at 1 V/cm and 300 mA. Short strands of damaged DNA diffuse out of cells and
migrate towards the anode. The slides are neutralized twice for 10 min in fresh buffer (0.4 mol/l
Tris-HCl at pH 7.5) and stained with 5 µg/ml of ethidium bromide (EB) aqueous solution for 30
min. The EB-labeled cells on GelBond slides are observed with epi-fluorescence microscope
(Olympus BX51M) at magnification 10X and images are recorded using a computer. Images of
over 100 randomly selected non-overlapping cells are analyzed for each sample using
CometScore software (TriTek Corp., Sumerduck, VA).

3.2.6 MTT Assay

X-ray irradiated HeLa cells are transferred into the microwells of a 96-well sterile
microplate (BD Falcon) containing 100 µL of media. After incubation for 24 h, the medium in
each well is removed and replaced with 100 µL of fresh culture medium. 10 µL of the 12 mmol/l
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MTT stock solution is added in each well and into a negative control (100 µL of medium without
nanoparticles). After incubation at 37 °C for 4 h, 100 µL of sodium dodecyl sulfate–hydrochloric
acid solution is added and mixed thoroughly using pipette. After incubating at 37 °C inside a
humidified chamber for 6 h, each sample is mixed with pipette and optical absorbance at 570 nm
is recorded.

3.2.7 Statistical Analysis

Seven independent experiments (n = 7) have been carried out for each data set and the
results are expressed as mean ± standard error of the mean (SEM). Statistical analyses were
performed using SPSS 16.0 (SPSS Inc, Chicago, Illinois). One-way analysis of variance or
ANOVA and least significance difference or LSD tests were applied to compare the results from
samples treated by different methods. p < 0.05 was considered statistically significant.

3.3 Results and Discussions

3.3.1 Nanoparticle Characterization

Figure 3-3A and 3-3B are the TEM images of nanoparticles made using colloidal
methods, where the average diameters of bismuth nanoparticles (Figure 3-3A) and iron oxide
nanoparticles (Figure 3-3B) are 30 and 10 nm, respectively.
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Figure 3-3 Characterization of nanoparticles. TEM images of bismuth nanoparticles (A) and iron
oxide nanoparticles (B); DLS measurements of iron oxide nanoparticles in PBS (inset shows
bismuth nanoparticles in PBS) (C); FTIR spectrum of bismuth nanoparticles after conjugation
with folic acid (D).

Figure 3-3 C shows DLS measurements from FA conjugated iron oxide nanoparticles in
PBS with a size range of 10-45 nm and a mean hydrodynamic diameter of 30 nm. Figure 3-3 C
inset shows FA conjugated bismuth nanoparticles in PBS with a size range of 70-95 nm and a
mean hydrodynamic diameter of 80 nm. These results demonstrate that nanoparticles form small
agglomerates, which are uniformly distributed in PBS. The FTIR spectrum in Figure 3-3D for
FA conjugated bismuth nanoparticles shows the presence of C-N peak (1000-1250 cm-1) and
NH2 scissoring peaks (1550-1650 cm-1), indicating successful conjugation of FA with bismuth
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nanoparticles. The conjugation of FA with iron oxide nanoparticles has also been confirmed
(data not shown) using FTIR.

3.3.2 CTC Capture and Detection

Figure 3-4 shows the XRF spectrum from magnetically captured HeLa cells (~1105
cells/ml PBS) after exposure to X-rays for 10 min at 30 kV and 15 µA, where the peaks of
bismuth L-subshell (red) from bismuth nanoparticles can be detected at 10.84 and 13.02 keV
against background (black) with a SNR of ~5 and 2.5 respectively.

Figure 3-4 XRF spectrum obtained at 30 kV and 15 µA after 10 min exposure of magnetically
captured HeLa cells with folic acid conjugated iron oxide nanoparticles and bismuth
nanoparticles.

The targeting specificity of FA conjugated nanoparticles is confirmed by measuring XRF
intensity of bismuth for HeLa cells and MG-63 cells. Both cell lines, after incubating with FA
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conjugated nanoparticles and unmodified nanoparticles, are washed five times in PBS followed
by 10 min X-ray exposure at 30 kV and 15 µA. Figure 3-5 shows XRF counts for the bismuth
peak at 10.84 keV.

Figure 3-5 Bismuth XRF peak intensity at 10.84 keV of unmodified bismuth nanoparticles (Bi)
and folic acid modified bismuth nanoparticles (FA-Bi) combined with HeLa cells and MG-63
cells , * denotes p <0.05 when compared with PBS control.

HeLa cells combined with FA conjugated bismuth nanoparticles have the strongest XRF
peak while HeLa cells with unmodified bismuth nanoparticles give off signal close to
background (PBS control). This confirms that FA conjugated bismuth nanoparticles can combine
with FRs on surface of HeLa cells through strong covalent bonds while unmodified nanoparticles
are easily removed after PBS wash. To justify whether FA conjugated bismuth nanoparticles can
combine with other cells, MG-63 cells are taken as a second control because of their low level of
FR expression compared to HeLa cells. Results show that XRF counts from MG-63 cells, with
both FA conjugated bismuth nanoparticles and unmodified bismuth nanoparticles, are at similar
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level as the background obtained from PBS solution. This confirms that FA conjugated
nanoparticles only combine with those cancer cells that over-express FRs.
The sensitivity of detection is obtained by measuring XRF signals for serially diluted
CTC samples (varied from 102, 103, 104, 105 CTCs/ml) in PBS. The measured XRF signals at
10.84 keV are plotted as a function of the number of CTCs per ml of PBS. Figure 3-6A reveals
that the detection sensitivity is ~100 CTCs/ml PBS for 40 min X-ray irradiation at 30 kV and 15
µA.

Figure 3-6 XRF counts for bismuth peak at 10.84 keV as a function of the number of CTCs in 1
ml PBS (A); Net XRF spectrum for HeLa cells conjugated with folic acid modified bismuth
nanoparticles collected at 20, 40, 100 and 200 min using 30 kV and 15 µA (B) where inset shows
the linear relation between net counts and the collection time.

The sensitivity can be further improved by increasing the exposure time. Figure 3-6B
shows the net XRF spectra (background removed) collected from HeLa cells (~1102 cells/ml
PBS) combined with FA conjugated nanoparticles for 20, 40, 100 and 200 min exposures,
respectively. Net counts at 10.84 keV are seen to increase linearly with increase in detection time
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(Figure 3-6B inset).The sensitivity can also be enhanced if incoming X-rays can be precisely
focused onto the captured CTCs and outgoing X-rays can be oriented in-line with the detector.
The feasibility of the proposed method for clinical applications has been tested using
human blood spiked with CTCs. Results show that the XRF counts of bismuth at 10.84 keV for
diluted blood sample is ~150 (background), while the corresponding values for blood samples
spiked with MG-63 cells and HeLa cells are ~180 and ~550, respectively as shown in Figure 3-7.

Figure 3-7 XRF counts at 10.84 keV for whole blood, blood spiked with 104 MG-63 cells/ml, and
104 HeLa cells/ml, where both types of cell contain folic acid conjugated bismuth nanoparticles
and iron oxide nanoparticles.* denotes p <0.05 when compared with blood control.

Although, the blood samples were spiked with high concentration of CTCs (104 cells/ml),
the results clearly indicate the promising capabilities of the method in selectively detecting CTCs
with high levels of FR expressions in whole blood.
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3.3.3 CTC Killing Through Radiation Induced DNA Damage

Nanoparticles of high atomic number elements can enhance radiation-induced damage
when specifically attached on or internalized into tumor cells. Specifically targeted gold
nanoparticles can achieve a nucleus dose enhancement factor of up to 79 and localize ionizing
energy at tumor cells, causing irreversible DNA damages that can eventually lead to cell
death.59-61 Comet assay is often used to quantify DNA damage by providing complementary
damage information to those provided by conventional viability assays (MTT).62-63 The
combined effect of bismuth nanoparticles and X-rays on DNA damage is studied using comet
assay on magnetically captured, and X-ray irradiated HeLa cells. Since the total photoelectric
absorption cross-section of iron for 40 kVp X-rays is ~4 times lower than that of bismuth, the
effect of iron oxide nanoparticles on X-ray induced DNA damage can be ignored. Figure 3-8A
shows an optical image of comets from X-ray irradiated (60 min at 40 kV and 100 µA) HeLa
cells that have been incubated with a mixture of functionalized iron oxide nanoparticles and
bismuth nanoparticles at 100 µg/ml for 24 h prior to X-ray exposure. The presence of long tails
means significant DNA damage.
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Figure 3-8 Optical micrograph of comets from X-ray irradiated HeLa cells containing folic acid
conjugated iron oxide nanoparticles and bismuth nanoparticles using 40 kV and 100 µA X-rays
for 60 min (A); Optical micrograph of comets from HeLa cells with folic acid conjugated iron
oxide nanoparticles and bismuth nanoparticles without X-ray exposure (B).

Three sets of control samples are also tested. In the first set, HeLa cells without
nanoparticles are exposed to X-rays followed by gel electrophoresis at the same condition. Tails
are observed in the resulting comets (not shown) after doing the comet assay. For the second
control, HeLa cells are used that contain a mixture of functionalized nanoparticles but are not
exposed to X-rays. Figure 3-8B shows the absence of DNA tails from such cells after
electrophoresis, suggesting that DNA damage is primarily due to X-rays and not the
nanoparticles. Third set of control samples contain untreated HeLa cells without any
nanoparticles or X-ray exposure. DNA damage in each sample is quantified by determining the
percentage of DNA in tail (damaged) and those in entire comet (total), where the amount of
DNA is derived as summation of pixel intensities in the tail or the entire comet.
Figure 3-9A compares the level of DNA damages in HeLa cells, where the percentages of
DNA in tails are 82.1% with X-rays and nanoparticles, 63.9% with X-rays alone, 16.9% with
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nanoparticles alone, and 10.1% with untreated control. In most cases, the X-ray induced DNA
damages are irrecoverable, eventually leading to cell death as confirmed by other viability
assays. For each set of HeLa cells mentioned above, MTT assay is carried out after incubation
for 6 h following X-ray irradiation. This is done in order to confirm cell death induced by DNA
damage.

Figure 3-9 Mean percentage of DNA in the tail of comets under different conditions (A), *
denotes p <0.05 when compared with untreated control (HeLa cells); Results of MTT assay
performed on HeLa cells under different conditions (B). * denotes p <0.05 when compared with
untreated control (HeLa cells).

Figure 3-9B shows the results of MTT tests where more than 80% of HeLa cells, which
combined with FA conjugated nanoparticles, are killed when exposed to X-rays for 60 min at 40
kV and 100 µA; however, only about 60% HeLa cells are killed when no nanoparticles is used,
suggesting the dose enhancement is provided by the X-ray absorbing nanoparticles. As for HeLa
cells treated with functionalized bismuth nanoparticles but not exposed to X-rays, less than 25%
cells are killed. Meanwhile, only 20% HeLa cells are dead in the untreated control. The MTT
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results are consistent with those from comet assay, indicating that X-rays can effectively kill
captured CTCs, which can be enhanced in presence of bismuth nanoparticles..

3.4 Conclusion

An integrated approach that combines in vitro collection, detection and killing of CTCs
using bismuth nanoparticles, iron oxide nanoparticles and X-ray radiation have been
demonstrated. The method uses FA modified nanoparticles for selectively targeting CTCs with
high levels of FR expression and offers detection capabilities as low as 100 cells/ml in a buffer
solution. The detection limit can be further improved by increasing the collection time or by
using X-ray focusing optics and appropriate filters to reduce background noise and increase
SNR. Use of X-rays allows simultaneous detection and eradication of CTCs, thus, providing a
novel strategy for management of cancer metastasis.
Results clearly show the potential use of the technique for selective detection and
on-demand killing of CTCs in whole blood, indicating future clinical applications. However,
several issues need to be considered before the method can be put to clinical use. Inherent
toxicities and aggregation of both iron oxide nanoparticles and bismuth nanoparticles under in
vivo conditions are needed to be reduced with appropriate surface coatings. For example, FA
conjugated iron oxide nanoparticles that are modified with dextran and poly (ethylene glycol)
(PEG), have shown enhanced stability and biocompatibility.64 Issues such as the circulation time
of these nanoparticles and their excretion from the body should be studied using particles with
different size and surface properties. In addition, appropriate tuning of X-ray parameters such as
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beam energy, filtration and exposure times are necessary to minimize radiation damage to
normal cells and alleviate patient sufferings. Future studies will focus on the effectiveness of the
proposed method under in vivo conditions using mice experiments.
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CHAPTER 4: CYTOTOXICITY OF BISMUTH NANOPARTICLES

4.1 Introduction

Being considered as one of the least toxic heavy metal, bismuth has been widely used in
industry, biological and medical sciences. Bismuth compounds are most commonly used for
treating gastrointestinal disorders,65 eradication of Helicobacter pylori in peptic ulcers,66-68
treatment of syphilis and tumors,69 reduction of the renal toxicity of cisplatin.70 Recently,
bismuth nanoparticles have drawn great attention in biological sciences such as bioimaging,56, 71
biosensing,72 biomolecular detection,73-74 and X-ray radiosensitizing.53 The increasing biological
applications promote serious concerns about the toxicity of bismuth nanoparticles, due to their
small size and intimate contact with cellular components such as plasma membrane, organelles,
DNA and proteins. Thus, the cytotoxicity of bismuth nanoparticle should be extensively and
carefully addressed before their further biological applications. For instance, the toxicity of gold
(Au) and iron oxide (Fe3O4) nanoparticles are well established and are generally considered
non-toxic or less toxic and can be used directly; while cadmium selenide (CdSe) semiconductor
nanoparticles are moderately toxic and have to be surface-modified to reduce the toxicity by
minimizing direct contact with cellular components or reducing the release of toxic cadmium
ions (Cd2+).75
Due to the intimate contact with cells or tissues in vivo, the cytotoxicity of nanoparticles
are largely determined by the physical property of these nanoparticles, such as atomic number,
particle diameter, and surface modifications. The use of various surface modification techniques
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to decrease nanotoxicity is the goal of nanotoxicity researches.76-78 Nanoparticles with positively
charged surfaces can enter cell membrane and cause cell damage due to strong electrostatic
interactions. For in vivo applications, nanoparticles are modified with neutral polymers such as
polyethylene glycol (PEG) in order to reduce damage to cells while enhancing circulation time in
bloodstream.79 Meanwhile, silica modified nanoparticles have shown low toxicity levels in both
in vivo and in vitro experiments.80-82
Previous studies have revealed that several mechanisms are responsible for
nanoparticle-induced cellular damage.83-84 Generation of reactive oxygen species (ROS) is the
dominant mechanism of cellular damage for most nanomaterials due to their higher chemical
reactivities. Release of metal ions from nanoparticle dissolution is another important mechanism
for toxicity of some nanoparticles (eg. Ag, CdTe, CuO).85-88 Inhibiting the DNA repair by
displacement of zinc ions (Zn2+) from the zinc finger protein of DNA repair enzymes also leads
to increased DNA damage.89 Multiple cytotoxicity assays (such as membrane integrity, enzyme
activity, reproduction capability, and DNA damage) are needed to elucidate these mechanisms
mainly because these toxicity assays always give inconsistent toxicity results due to their unique
detection principles. For instance, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) tests detect integrity of cell membrane and the activity of enzyme in mitochondria,
reflecting the degree of damage on mitochondria function; glucose-6-phosphate dehydrogenase
(G6PD) assay detects levels of G6PD leaking from damaged cell membranes; Ethidium
homodimer-1 (EthD-1) stain detects cells membrane integrity, and Calcein acetoxymethyl ester
(Calcein AM) stain detects intracellular esterase activities. Considering the different cytotoxicity
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mechanisms of nanoparticles that affect cells, it is imperative that the combined use of these
toxicity assays could provide comprehensive information on nanoparticle cytotoxicity.
This work focuses on in vitro cytotoxicities of bismuth nanoparticles by combining three
different assays (MTT, G6PD and Calcein AM/EthD-1) as shown in Figure 4-1.

Figure 4-1 Cytotoxicity study of bismuth nanoparticles using multi-end point assays: where
nanoparticles combine with membrane (1), enter nucleus (2), enter cell and affect mitochondrion
(3), or stay outside of cells (4).

Various surface modifications and different concentration of nanoparticles are used to
test the toxicity levels on two kinds of mammalian cells (HeLa cell and MG-63 cell) The results
are cross-compared to those derived from CdSe/ZnS quantum dots and Fe3O4 nanoparticles. Our
results show that bismuth nanoparticles are more toxic than previously reported bismuth
compounds. HeLa cells are more vulnerable to cytotoxicity of various surface modified bismuth
nanoparticles than MG-63 cells; and cytotoxicities of surface modified bismuth nanoparticles are
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in descending order of amine modified nanoparticles (Bi-NH2), bare bismuth nanoparticles (Bi),
silica modified nanoparticles (Bi@SiO2), and PEG modified nanoparticles (Bi-PEG).

4.2 Experimental Section

Vybrant MTT cell proliferation kit, vybrant cytotoxicity assay kit, and live/dead
viability/cytotoxicity kit are purchased from Invitrogen (Carlsbad, CA). Polyethylene
glycol-terminated silane (PEG-silane, 472−604 g/mol) is from Gelest (Tullytown, PA). Bi
(CH3COO)3, BiCl3, NaBH4, RPMI 1640 media, penicillin, streptomycin, fetal bovine serum
(FBS), and Dulbecco’s phosphate-buffered saline (D-PBS) are from Sigma-Aldrich (St. Louis,
MO). Anhydrous dimethyl sulfoxide (DMSO), toluene, polyvinylpyrrolidone (PVP),
tetraethylorthosilicate (TEOS), 3-aminopropyltriethoxysilane (APTES), iron oleate, octadecence,
diphenylether, sodium oleate, and mecaptoacetic acid (MAA) are from VWR (West Chester,
PA). Ultrapure water (18.2 MΩcm-1) from Nanopure System (Barnstead, Kirkland, WA) is used.
Synergy HT multi-mode microplate reader from Biotek (Winooski, VT) is used for absorbance
and fluorescence measurements. HeLa (Cat # CRL-2) and MG-63 (Cat # CRL-1442) cell lines
are from American Type Culture Collection (ATCC, Manassas, VA).

4.2.1 Synthesis of Nanoparticles

Bismuth and iron oxide nanoparticles are synthesized as described in section 3.2.1.
Cadmium selenide nanoparticles are made as described in an earlier study.90 Briefly, 1 mmol of
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TOPSe and 1.35 mmol of dimethylcadmium are dissolved in 5 ml of trioctylphospine (TOP), and
rapidly injected in a vigorously stirred mixture of 10 g of trioctylphosphine oxide (TOPO) and 5
g of hexadecylamine (HDA) heated to 300 °C. Injection results in an immediate nucleation of
nanoparticles, which have a broad absorption maximum around 450 nm. Further growth occurs
at 250-310 °C depending on the desired size. For the synthesis of CdSe/ZnS core-shell
nanoparticles, 2.5 ml of crude solution of CdSe nanoparticles is mixed with 5 g of TOPO and 2.5
g of HDA, and heated to 220 °C. The amount of Zn:S stock solution necessary to obtain the
desired shell thickness is calculated from the ratio between core and shell volume using bulk
lattice parameters of CdSe and ZnS. This amount is then added drop wise to the vigorously
stirred solution of CdSe nanoparticles.
A JEOL 1011 transmission electron microscope (TEM) operated at 100 kV is used to
image nanoparticles. Bismuth nanoparticles are found to have an average diameter of 20 nm
while the silica coated bismuth nanoparticles have an average thickness of 10 nm where the
bismuth core is 20 nm. TEM images also show that Fe3O4 nanoparticles and CdSe/ZnS quantum
dots have an average diameter of 20 and 10 nm, respectively.

4.2.2 Surface Modification of Nanoparticles

In order to conjugate with PEG, bismuth nanoparticles are modified by adding 20 µl PEG
silane and 1 mg of bismuth nanoparticles into 180 µl of toluene. After reacting under sonication
for 3 h at the room temperature, unreacted PEG saline is removed by centrifugation and washing
three times with toluene. In order to make amine conjugated nanoparticles, bismuth or iron oxide
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nanoparticles are mixed with 5% 3- APTES in toluene for 2 h, followed by removal of extra
silane by centrifugation and washing with toluene. CdSe/ZnS quantum dots are modified with
MAA by mixing 35 µl of MAA with 1 mg of CdSe/ZnS nanoparticles in 500 µl of chloroform
under sonication for 2 h, followed by washing with toluene for three times. The unreacted MAA
are removed by dialysis against double deionized water using 3.5 K molecular-weight cutoff
(MWCO) membrane for 12 h. The stock solutions of bismuth nanoparticles (Bi), silica
encapsulated bismuth nanoparticles (Bi@SiO2), amine modified bismuth nanoparticles (Bi-NH2),
PEG modified bismuth nanoparticles (Bi-PEG), carboxylic acid modified CdSe/ZnS
(CdSe/ZnS-COOH), carboxylic acid modified iron oxide (Fe3O4-COOH) and amine modified
iron oxide (Fe3O4-NH2) nanoparticles are homogeneously dispersed in sterilized phosphate
buffer saline (PBS) at pH = 7.4 before they are ready to use.

4.2.3 Treatment of Cells with Nanoparticles

Human adenocarcinoma HeLa cells and human osteosarcoma MG-63 cells are cultured
and treated with nanoparticles as described in section 3.2.3. After the cell monolayer becomes
80% confluence, HeLa cells and MG-63 cells are incubated with Bi, Bi-NH2, Bi-PEG, Bi@SiO2,
amine modified Bi@SiO2 (Bi@SiO2-NH2), CdSe/ZnS-COOH, Fe3O4-COOH and Fe3O4-NH2
with final concentrations of 0.5, 5, and 50 nM, respectively. After 24 h, the media are removed
and all wells are washed three times with PBS prior to performing any toxicity assay.
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4.2.4 Cytotoxicity Assays

MTT assay is carried out as described in section 3.2.6. G6PD assay is carried out by
following the standard protocol. A 50 µl of 2× resazurin/reaction mixture is added to each well,
along with fully lysed cells control and live cell control. All samples are assayed in six
duplicates. 1 µl of 100× cell lysis buffer is added to lysed-cell control wells to kill cells. The
microplate is incubated at 37 °C for 30 min prior to measuring fluorescence intensity at 580 nm
with 530 nm excitation. Calcein AM/EthD-1 assay is carried out as following: 100 µl of D-PBS
is added into each well to wash cells in order to dilute serum-containing esterase, which can lead
to false positive. A 100 µl of dual fluorescence Calcein AM/EthD-1 assay reagents is added into
each well and incubated for 30 min at room temperature before fluorescence measurement. A
cell-free control is used to measure background fluorescence and these signals were subtracted
before later calculations. The percentages of live cells and dead cells are calculated by the
equation provide by Invitrogen. A fluorescence microscope from Olympus (BX51M) is used to
take fluorescent images.

4.2.5 Statistical Analysis

The data are presented as mean ± standard deviation (SD) of six independent
experiments, and the error bars in each figure represent the standard error of these six
independent experiments. Some data are subjected to statistical analysis by one-way analysis of
variance (ANOVA) followed by Dunnett’s method for multiple comparisons. A value of p
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<0.05 is considered significant. SPSS 16.0 software is used for the statistical analysis and Origin
8.5 software was used for the graph plotting.

4.3 Results and Discussions

4.3.1 Calcein AM/EthD-1 Assay

Calcein AM/EthD-1 dual-fluorescent assay can stain the live cells green and the dead
cells red simultaneously, providing more comprehensive information of cytotoxicity
determination than traditional single-fluorescent assay. Figure 4-2A-D shows representative
fluorescent micrographs of HeLa cells after incubating with 100 ml of 50 mM surface-modified
bismuth nanoparticles for 24 h in Calcein AM/EthD-1. These figures show that most of the HeLa
cells treated by Bi (Figure 4-2A) or Bi-NH2 (Figure 4-2B) are stained as red (dead), while most
of the HeLa cells treated by either Bi@SiO2 (Figure 4-2C) or Bi-PEG (Figure 4-2D) are stained
green (live).
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Figure 4-2 Calcein AM/EthD-1 dual-fluorescence stain of HeLa cells that are treated by bismuth
nanoparticles (A), amine modified bismuth nanoparticles (B), silica coated bismuth nanoparticles
(C), and PEG modified bismuth nanoparticles (D); HeLa cell viability after exposing to bismuth
nanoparticles (E); MG-63 cell viability after exposing to bismuth nanoparticles (F).

Figure 4-2E and 4-2F show a nanoparticle concentration-dependent cell viability of both
HeLa and MG-63 cells. When the cells are treated by low concentration nanoparticles (0.5 nM),
no significant decrease in viability is observed when compared with untreated control (p <0.01).
But after exposure to high concentration (50 nM) of nanoparticles, the viabilities of both cells
decreased sharply. To eliminate the errors induced by the natural death of cells, a ratio between
the nanoparticle-treated cell and untreated control is taken as the viabilities, assuming the
viability of untreated control is 100%, despite the fact that normal cell metabolism processes still
produce a small number of dead cells. Figure 4-2E shows that for HeLa cells, Bi kills 3.2%,
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15%, and 45% of the cells at nanoparticle concentrations of 0.5, 5, 50 nM, respectively;
Bi@SiO2 kills 2.3%, 17%, and 41% of the cells at these concentrations; Bi-PEG kills 2.5%, 13%,
and 34% of the cells; and Bi-NH2 kills 2.2%, 31%, and 52% of the cells at these nanoparticle
concentrations, respectively. These data clearly show that all the surface modified bismuth
nanoparticles are of low cytotoxicity when the concentration is low (0.5 nM), and the
cytotoxicities increase when the nanoparticle concentration increases. Meanwhile, a significant
difference in the cytotoxicity is observed when the HeLa cells are exposed to 50 nM bismuth
nanoparticles with different modifications. At high nanoparticle concentration (50 nM), Bi-NH2
kills over 50% of the HeLa cells, while Bi-PEG kills only 34% HeLa cells, indicating the
significant effects of surface modifications on the cytotoxicity of bismuth nanoparticles.
According to the results above, the toxicities of these nanoparticles on HeLa cells are in the order
of Bi-NH2> Bi >Bi@SiO2 >Bi-PEG.
Figure 4-2F shows that for MG-63 cells, low concentrations of bismuth nanoparticles kill
~1% MG-63 cells, showing extremely low cytotoxicities. High concentration (50 nM) of bismuth
nanoparticles kill 29%, 33%, 24%, 22% of MG-63 cells for Bi, Bi-NH2, Bi@SiO2, and Bi-PEG,
respectively. The level of cytotoxicity offered by these nanoparticles to MG-63 cells are of the
same order as those offered to HeLa cells (Bi-NH2> Bi > Bi@SiO2 > Bi-PEG). However, less
MG-63 cells are killed than HeLa cells when both cells are exposed to bismuth nanoparticles
having the same concentration and the same surface properties. An observation of the higher
viability of MG-63 cells than HeLa cells could be 16%, 19%, 15%, 18% more when they are
exposed to 100 ml of 50 nM Bi, Bi-NH2, Bi@SiO2, and Bi-PEG, respectively, indicating that the
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HeLa cell is more sensitive to the nanotoxicity for all the surface modified bismuth nanoparticles
than MG-63 cells.

4.3.2 G6PD Assay

G6PD leaking assay is performed to test the membrane integrity by measuring the leaked
G6PD levels. Figure 4-3A and 4-3B show the percentage of dead HeLa cells and MG-63 cells,
respectively, for three different concentrations of nanoparticles.

Figure 4-3 Percentage of dead cells from G6PD assay of bismuth nanoparticles treated HeLa
cells (A) and MG-63 cells (B), where nanoparticle concentration is 0.5, 5, and 50 nM, and
incubation time is 24 h.

For HeLa cells (Figure 4-3A), low concentration (0.5 nM) of all the surface modified
bismuth nanoparticles show low toxicity by killing 5.4%, 7.2%, 3.5%, 6.1% of the cells for the
Bi, Bi-NH2, Bi@SiO2, and Bi-PEG, respectively. High concentration (50 nM) of bismuth
nanoparticles kill 53%, 59%, 42%, 39% of the cells for Bi, Bi-NH2, Bi@SiO2, and Bi-PEG,
respectively. For MG-63 cells (Figure 4-3B), these nanoparticles kill 31%, 35%, 18%, 24% of
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the cells at 50 nM nanoparticle concentration, which is lower than the number of HeLa cells
killed by the same concentration of bismuth nanoparticles.

4.3.3 MTT Assay

MTT assay detects the cytotoxicity of nanoparticles by determining the plasma
membrane integrity and mitochondrial function, which reflect the metabolism activity. Figure
4-4A shows that the viabilities of HeLa cells decrease when the bismuth nanoparticle
concentrations increase and a dose (or nanoparticle concentration) dependence can be clearly
seen.

Figure 4-4 MTT assay on bismuth nanoparticles treated HeLa cells (A) and MG-63 cells (B),
where nanoparticle concentration is 0.5, 5, and 50 nM, and incubation time is 24 h.

When treated with 50 nM nanoparticles, Bi-NH2 shows the highest toxicity by killing
52% of the HeLa cells, while Bi@SiO2 and Bi-PEG kill 37% and 28% of the cells accordingly.
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This result shows that Bi-NH2 has higher cytotoxicity than bismuth nanoparticles with other
surface modifications, and corresponds to the results obtained from Calcein AM/EthD-1
analysis. Figure 4-4B shows that the viability of MG-63 cells treated with Bi–NH2 is lower than
those treated with bismuth nanoparticles with other surface properties. PEG-modified bismuth
nanoparticles have shown lowest toxicity for both HeLa cells and MG-63 cells, because PEG has
extremely low sticking energy to cells.

4.3.4 Comparison of Toxicity between Surface Modified Bi, CdSe/ZnS, and Fe3O4
Nanoparticles

The nanotoxicity of bismuth nanoparticles on HeLa cells and MG-63 cells are compared
to those of CdSe/ZnS and Fe3O4 nanoparticles as shown in Figure 4-5:.
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Figure 4-5 Cytotoxicity of Bi@SiO2 (A), Bi@SiO2-NH2 (B), CdSe/ZnS-NH2 nanoparticles (C),
Fe3O4-COOH (D), and Fe3O4-NH2 (E) on HeLa cell and MG-63 cell at nanoparticle
concentration of 0.5, 5 and 50 nM, where Calcein AM/EthD-1 assay is used to test cytotoxicity.

Bi@SiO2 is reacted with APTES to make Bi@SiO2-NH2. For 100 ml of 50 nM
nanoparticles exposure, Calcein AM results show that Bi@SiO2 (Figure 4-5A) and
Bi@SiO2-NH2 (Figure 4-5B) kill ~22% and ~29% HeLa cells, respectively, while
CdSe/ZnS-NH2 (Figure 4-5C).demonstrate killing of 43% HeLa cells
Fe3O4-COOH (Figure 4-5D) or Fe3O4-NH2 (Figure 4-5E) shows a relatively low
cytotoxicity by killing ~7% and ~20% HeLa cells, respectively. For nanoparticles of different
core, the cytotoxicities are in the order of CdSe/ZnS > Bi@SiO2 > Fe3O4 and the toxicity of
Bi@SiO2 varied significantly according to the surface modifications. The high cytotoxicities of
CdSe/ZnS-NH2 have been reported by others, which are mainly attributed to the release of toxic
Cd2+. For different surface modification of the same nanoparticles, Fe3O4-NH2 is more toxic than
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Fe3O4-COOH to HeLa cells by killing 13% more HeLa cells. Similarly, Bi@SiO2-NH2 is more
toxic than Bi@SiO2. Thus, amine group modification can increase cytotoxicity of nanoparticles
more than other surface modifications.
A dose-dependent cytotoxicity is also observed for MG-63 cell. As expected, the
CdSe/ZnS nanoparticles give strongest cytotoxicity when compared with iron oxide and bismuth
nanoparticles. 50 nM Fe3O4-COOH kills 6% more MG-63 cells than 50 nM Fe3O4-NH2 does,
indicating Fe3O4-NH2 is less toxic than Fe3O4-COOH. This result is opposite to the toxicity
derived from the HeLa cells, which could be explained by cell-type-dependent cytotoxicity of
nanoparticles.91 The adhesion of nanoparticles on cell surface is a prerequisite for nanoparticles
entering cells via endocytosis. Different proteins or cytokines are excreted on surface of HeLa
cells and MG-63 cells. Proteins on HeLa cells tend to adhere to carboxyl group, while those on
MG-63 cells tend to adhere to amine group. This adherence of nanoparticles on cell surface
mediates the penetration of nanoparticles, thus accelerating cell death by releasing ROS.
Our results show that CdSe/ZnS-NH2 is the most toxic among three types of
nanoparticles by killing ~21% more HeLa cells than Bi@SiO2 and ~36% and ~ 23% more than
Fe3O4-COOH and Fe3O4-NH2 nanoparticles, respectively. This is in accordance with previous
reports that CdSe/ZnS nanoparticle is more toxic than Fe3O4 nanoparticle at the same surface
modification.75, 86, 92-94 The higher toxicity of CdSe/ZnS is mainly due to releasing of Cd2+ ions
and formation of ROS after being digested into the cytoplasm.91 The lower toxicity of Fe3O4 is
perhaps because the released iron ions (Fe3+) are transferred and utilized by red blood cells. The
toxicity of bismuth is relatively low, mainly because released bismuth ions (Bi3+) are the least
toxic among all heavy metals.
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Silica encapsulated bismuth nanoparticles cannot be treated as silica nanoparticles,
because culture medium diffuses into porous silica shell, and takes out bismuth ions. Bi@SiO2
and Bi-PEG can significantly reduce inherent toxicity of the bare bismuth nanoparticles. Bi-PEG
has the lowest toxicity due to low zeta potential and reduced interaction with receptors. Because
most receptors, that mediate specific interactions between cells and their extracellular milieu, are
located on plasma membrane,95 the non-adhesive Bi-PEG cannot be internalized through
mediation of receptors, and has low cytotoxicity.96 The cytotoxicity of insulin-immobilized CdS
nanoparticles was greatly suppressed by using PEG as spacer.79
The difference between G6PD leaking and MTT can be explained by the fact that cell
metabolic activity is less affected even though plasma membrane is damaged. If this
phenomenon exists in differently modified nanoparticles, it means that surface modified
nanoparticles can damage the cells, yet cannot damage mitochondria of cells. Therefore, the
mechanism of nanoparticle-cell interaction can be revealed at least partially by combining
multiple in vitro assays that have different end-points. Bi-PEG treated cells have shown different
viability in MTT assay and G6PD assay, suggesting that Bi-PEG affects less on cell
mitochondria. Because Bi-PEG does not have strong affinity to proteins secreted on cell surface,
most of Bi-PEG nanoparticles are expelled outside cell membrane. Bi@SiO2 can enter cell
membrane, and have effect on activity of intracellular esterase, while it has less effect on
mitochondria, indicating that the toxicity of Bi@SiO2 is less related to metabolic function.
Bi-NH2 shows similar viability in MTT and G6PD assay, suggesting that damage to
mitochondria function is consistent with damage to plasma membrane, and cytotoxicity of
Bi-NH2 is mainly due to compromised metabolic function.
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4.4 Conclusion

The cytotoxicity of bismuth nanoparticles is studied on HeLa cells and MG-63 cells by
combining three assays (MTT, G6PD, and Calcein AM/EthD-1). HeLa cell is more susceptible
to cytotoxicity of bismuth nanoparticles than MG-63 cell. For same surface modifications,
bismuth nanoparticles are less toxic than CdSe/ZnS at the same nanoparticle concentration and
has similar toxicity as iron oxide nanoparticles. Surface modifications have significant impact on
cytotoxicity of bismuth nanoparticles. The cell viability (from MTT, G6PD, and Calcein
AM/EthD-1) is in sequence of Bi-NH2, Bi, Bi@SiO2, and Bi-PEG (from lowest to highest). The
combined use of complementary toxicity assays can therefore provide more information on
cytotoxicity of nanoparticles. The results are useful in applying appropriate surface modification
procedures to reduce inherent toxicity of bismuth nanoparticles for potential clinical applications
in humans.
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CHAPTER 5: ON-CHIP IMAGE BASED RADIATION BIODOSIMETER
FOR IN-SITU RADIATION MONITORING USING THREE
DIMENSIONAL MICROTISSUE

5.1 Introduction

Fast and accurate determination of radiation-induced damage to living cells, in a field
setting, is highly desirable. Although a variety of radiation dosimeters including ion chamber,
quartz fiber dosimeter, film dosimeter and polymer gel dosimeters can be used to detect the type
and dose of radiation over a certain period of time, they cannot provide information on individual
biological response to radiation. Biological dosimeter (i.e., biodosimeter) uses biomaterials such
as cells to monitor radiation doses received by an individual, and can provide important
information on bio-response of radiation exposure, which is highly complementary to physical
dosimeters. Rapid biodosimetry in field settings can help to distinguish those who need urgent
medical treatments after radiation injuries.97 Moreover, monitoring responses of mammalian
cells to radiation is highly crucial in cancer radiation therapy to avoid inducing secondary
cancers from over-exposure to X-rays.
The gold standard of biodosimetry is dicentric assay that is often performed in peripheral
blood lymphocytes to examine characteristic chromosome damage, but dicentric assay takes a
long time for microscopic scoring of a sufficient number of damaged cells, especially in the case
of low radiation dose where damaged cells are hard to find.98 Other techniques, including
micronucleus, translocation, premature chromosome condensation assay, and molecular
biomarker methods (gamma-H2AX assay) have been proposed recently to detect radiation
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damages,99-102 but most of them require highly-trained personnel and well-equipped facilities
(i.e., microscope), and are invasive in nature. In addition, different cells resist differently to the
same radiation dose due to different radiation susceptibility. Therefore, it is imperative to derive
radiation effects from multiple types of mammalian cells.103 But, existing biodosimetry
techniques have low throughput, are complicated, expensive, laborious and time-consuming
when handling multiple cell types, and need to be carried out in centralized laboratory settings,
which limit their uses in field-deployable detections in places such as nuclear power plants,
medical or military facilities where continuous dose monitoring is necessary to ensure personal
safety.
In vitro grown mammalian cells could be used to construct low-cost, facile, non-invasive,
sensitive, potentially high-throughput and field-deployable biodosimeters. However, cells from
two-dimensional (2D) monolayer cultures are too sensitive to environmental changes even in the
absence of radiation, which make them unsuitable as responsive components in biodosimeters.
Instead, cells in three-dimensional (3D) aggregates are in an environment close to physiological
condition and can closely mimic the tissue architectures and functions in humans; meanwhile,
these aggregated cells have shown higher stability than those from 2D culture. 104 At last,
although many traditional techniques including spinning, hanging drop, micro-spheroid chips,
and liquid-overlay methods have been used to make 3D microtissues, these techniques are
laborious, and have low throughput, and low uniformity in terms of density, shape and size.105-107
Photolithography based microfabrication techniques can generate size- and geometry-controlled
microstructures, which can be used to make 3D microtissues with uniform size at high yield and
low cost.108
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This work describes a new microtissue based on-chip biodosimeter that can accurately
monitor the response of individuals to ionizing radiation in field settings by capturing instant
images using camera phones and then wirelessly transmitting those images to a remote location
for analysis. The biodosimeter is based on two techniques: in vitro 3D microtissue and
high-resolution digital camera of mobile phone to monitor cell death in real time for rapid
determination of radiation exposure.109-111 An array of microtissues is exposed to X-ray radiation
that causes cell death; after staining, dead cells can be identified from the color that is visible to
the naked eyes. Images of the microtissues are taken by camera of a mobile phone, and
transmitted wirelessly to a computer, where the color intensity of each microtissue is analyzed to
determine the amount of dead cells. The use of an array of micro-tissues greatly eliminates errors
during measurements, and allows multiple cell types to be used for studying biological response
to radiation. This method has high sensitivity, enabling low dose of ionizing radiation to be
detected over a large area.

5.2 Experimental Section

5.2.1 Fabrication of On-chip Biodosimeter

The micropost mold is fabricated using reported photolithography technique.112 The
depth and width of microposts are 1,000 and 800 µm, respectively. In order to generate 3D
microtissue array, microwells are cast from the mold as shown in Figure 5-1
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Figure 5-1 Fabrication of three dimensional microtissues in agarose gel.

A 2% low melting agarose (85 °C) is melt and poured on a tray and the micromold is
placed on top until agarose is set. The mold is carefully removed leaving microwells in agarose
film. HeLa cells (American Type Cell Culture, Manassas, VA) are cultured in 2D cell culture
plate filled with RPMI 1640 media for 1-2 days until 80% confluence is achieved. The cells are
detached from substrate using 0.25% trypsin-EDTA and are counted using a hemocytometer
after centrifugation at 1000 rpm for 5 min. In the next, 2105 cells in media are seeded in a 99
array of microwells, where approximately 2.4103 cells can occupy one well. The use of agarose
as a substrate minimizes cell-substrate interaction, and the cell-to-cell adhesion drives
spontaneous self- assembly of cells into 3D microtissues within an hour.
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5.2.2 X-ray Exposure

A Mini-X X-ray tube (Amptek, Inc., Bedford, MA) operating at tube voltage of 40 kV
and current of 100 μA is used to generate primary X-rays. The surface dose rate, at a distance of
5 cm from the tube, is measured using a handheld radiation dosimeter (Mirion RAD-60,
Freshwater Systems, Greenville, SC) and is found to be 0.4 Gy/h. The 99 array (surface area of
~1 cm2) of microwells loaded with HeLa cells is then fixed at a distance of 5 cm from X-ray
source, which is fitted with a collimator resulting in an output cone angle of 10º for the emerging
beam. The X-ray beam covers an area of ~2.4 cm2 on the exposed surface that is sufficient to
uniformly irradiate the entire array. After X-ray irradiation for different times ranging from 1
min to 1 h, trypan blue, a non-fluorescent dye that stains dead cells blue while leaving live cells
unaltered, is added into microwells to stain cells in the microtissue. High throughput radiation
detection and monitoring is achieved by introducing three cell lines (HeLa, MG-63, and LNCaP)
into a single biodosimeter. By controllably pipetting 1 µl of cell suspension into each microwell
using a small volume tip, an array of different microtissues is made on the same biodosimeter for
high throughput applications.

5.2.3 Cell Viability

Cell viability is monitored in real time for dosimeters containing HeLa, MG-63 and
LNCaP cells, respectively. This is done by measuring the color intensity of each microwell from
images taken every 30 min following a 1 h X-ray exposure (0.4 Gy). The images are analyzed
with Image Pro Plus 6.0 (Media Cybernetics, Bethesda, MD) software, which can correct
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background and obtain color intensity of an area of interest. In addition, MTT assay is performed
on the three cell lines at 30 min intervals after exposure to 0.4 Gy X-rays. MTT assay can detect
live or dead cells by measuring the integrity of cell membrane.

5.3 Results and Discussions

Figure 5-2A-D shows the optical micrographs of 3D microtissues at various stages of
formation taken at different time (1, 10, 30 and 60 min) after seeding HeLa cells into microwells.

Figure 5-2 Various stages of a microtissue formation taken at 1, 10, 30 and 60 min after seeding
HeLa cells into microwells (A-D).

Most cells float in suspension just after seeding (1 min); about 50% and 80% of cells
settle gravitationally in microwells after 10 and 30 min, respectively; almost all cells aggregate
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after 1 h of incubation. The initial cell aggregate becomes denser in 1-2 days, and the microtissue
is stained using ethidium bromide (EB). Figure 5-3A shows a fluorescence image of a single
microtissue containing HeLa cells The optical micrograph is taken by using Olympus BX-51M
microscope under ultraviolet (465 nm) excitation, where the spherical shape of microtissue can
be seen clearly. In order to determine cell viability in the cultured microtissue, dual fluorescence
staining is carried out with Calcein AM/EthD-1, where EthD-1 stains dead cells red by
penetrating into membrane-damaged cells and combining with DNA in nuclei, and keeps live
cells unstained; while Calcein AM stains live cells green leaving dead cells unaltered. Figure
5-3B shows a fluorescence image of a microtissue where live HeLa cells (not exposed to X-rays)
appear green in color. The absence of red color indicates that all cells are alive in microtissue.

Figure 5-3 Fluorescent image of HeLa microtissue stained with EB (A) and CAM/EthD-1 (B).

Due to limited nutrition and oxygen available to cells inside microtissue, the growing
speed of microtissue is slower than that of monolayer (doubling time of 24 h).113 But, cells in
microtissue can stay alive in fresh culture medium for over 96 h outside incubator, making
microtissue very attractive for field-deployable radiation detection. One feasible way of having
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even longer lifetime is to culture cells in the normal monolayer format, and form microtissue just
few hours before they are used in biodosimeters.
Figure 5-4A shows a photograph of microwells taken with the camera (5 MP resolutions)
of an iPhone 4, where HeLa cells are stained with trypan blue after formation of microtissue. The
absence of blue color shows that most of cells in microtissue are alive. Figure 5-4B shows the
image of 1 h X-ray irradiated microtissues that have been seeded with the same number of HeLa
cells followed by trypan blue staining. The blue color of microtissue in each microwell is clear to
the naked eye, and the color intensity of image is proportional to the number of dead cells.

Figure 5-4 Optical images of HeLa microtissues in microwells stained with trypan blue, not
exposed to X-ray (A), exposed to X-rays for 1 h (B) where the inset picture shows microwells
stained with EthD-1 after X-ray exposure.

The inset picture in Figure 5-4B shows the fluorescence image of microtissues after EthD-1
staining taken with phone camera under an UV light, where dead cells appear red.

83

Figure 5-5A shows that the intensity of blue color increases and saturates to a value of
~100 after 9 h following a 1 h X-ray irradiation of the HeLa cells; under the same conditions, it
takes 11 h and 14 h for MG-63 and LNCaP cells, to reach the same color intensity, respectively.

Figure 5-5 The intensity of blue color from trypan blue measured at different times after 1 h
X-ray irradiation of microtissues containing different cell lines (A); corresponding survival
fraction of the cell lines obtained from MTT assay (B). Error bar represents the standard error of
5 independent experiments.

To correlate the color intensity of trypan blue with cell viability, MTT assay is performed
on the three cell lines Following a 1 h X-ray irradiation, ~30% HeLa cells are dead after 9 h
(Figure 5-5B). However, ~28% MG-63 and ~33% LNCaP cells die after 11 h and 14 h,
respectively. Results confirm that different cell lines respond differently towards the same X-ray
dose with HeLa and LNCaP cells being the most and the least sensitive to X-rays, respectively.
This can be explained in terms of the difference in cell cycle: HeLa cells double every 24 h;
whereas MG-63 and LNCAP cells double every 26 h and 60 h. After X-ray induced DNA
damage, cells will not die until they are in mitotic period where damaged DNA fails to
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duplicate.114 Thus, quantifying blue color of trypan blue stained microtissues over time allows
in-situ real time monitoring of radiation responses.
Figure 5-6A is an optical micrograph of an array of microtissues, where three microwells
in top row contains HeLa, MG-63 and LNCaP cells (left to right), and three empty wells in
bottom row are controls. The compact arrangement allows all cells to be irradiated
simultaneously with an uniform X-ray dose. After irradiating for varying times, cells in
microwells are stained with trypan blue followed by imaging with phone camera.

Figure 5-6 An optical microscope image showing controlled cell seeding in microwells (A),
where the top row contains HeLa, MG-63 and LNCaP cells (from left to right), and the bottom
row has no cells; HeLa cell viability against the color intensity of trypan blue stain, inset shows
the variation of color intensity for trypan blue stain with X-ray dose (B).

Figure 5-6B shows that the increase in intensity of the blue color is proportional to the
decrease in viability of HeLa microtissue. Similar results are obtained for MG-63 and LNCaP
microtissues. The linear relation between color intensity and X-ray dose is also plotted
accordingly. The current detection limit of our biodosimeter for HeLa microtissue is estimated to
be ~5.0 mGy from the calibration curve. For microtissues of MG-63 and LNCaP cell lines, the
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detection limits are estimated to be ~8.0 and 9.5 mGy, respectively. The limit of detection
depends on the type of cell, because some cells are more sensitive to radiation than others.
Figure 5-7 shows cell death at different X-ray irradiation doses for three different types of
microtissues where the percentage of dead cells directly correlates with the intensity of blue
color from trypan blue stain after X-ray exposure. At higher doses more cells die, resulting in
more intense blue color. Also, any given dose of X-rays kills more HeLa cells than MG-63 or
LNCap cells, under the same conditions.

Figure 5-7 Percentage of dead cells for three different cell types after exposure to different X-ray
doses.

In contrast to conventional radiation dosimeters, microtissue based biodosimeters can
directly monitor the effect of both cumulative and continuous radiation exposures on mammalian
microtissues. In case of cumulative exposure, the total dose is fractionated to 1 h/day (0.4
Gy/day) for 8 days, whereas for continuous exposure the whole dose (3.2 Gy) is applied
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continuously for 8 h in one fraction. Figure 5-8 shows the continuous irradiations kill more cells
in the HeLa microtissue than the cumulative irradiations, especially when the irradiation time is
higher than 3 h. The difference in cumulative and continuous exposures is mainly caused by
self-repairing of small amounts of DNA damage.115 Cumulative exposure provides time for the
damaged DNA to self-repair between exposures while in case of continuous exposure the
damage accumulates faster than it can be repaired.

Figure 5-8 Color intensity of trypan blue stained HeLa microtissue for continuous and
cumulative X-ray exposures. Error bar is the standard error of 5 independent experiments.
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5.4 Conclusion

An image-based on-chip radiation biodosimeter using 3D microtissues has been built and
used to detect cellular response of continuous and cumulative ionizing radiations. The 3D
microtissues of multiple cell types, with defined structures and dimensions, can be fabricated at
high yield and low cost, and can be conveniently imaged with the camera of a mobile phone. The
color changes of microtissues upon exposure to ionizing radiations are detected and quantified,
which allow facile and rapid transmission of radiation information to determine radiation
responses of individuals in field settings. The biodosimeter will be highly useful for monitoring
how human cells respond to X-ray exposure and will help in improving existing X-ray radiation
therapy for cancer treatment.
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CHAPTER 6: ANALYTICAL STUDY OF NANOPARTICLE ENHANCED
X-RAY RADIATION THERAPY

6.1. Introduction

Radiotherapy aims to maximize radiation dose delivered to tumors with minimum
damage to surrounding healthy tissues. The promising ability of gold nanoparticles as effective
radiosensitizers for localized tumor dose enhancements have been extensively explored due to
high X-ray absorption cross-section of gold compared to biological tissues.116-123 Previous
experiments with mice have shown significant increase in dose to tissue volumes in presence of
gold nanoparticles.124 Monte Carlo simulations have been performed extensively to investigate
various parameters such as photon energy, particle size, concentration and location that govern
radiosensitizing properties of gold nanoparticles.125-129 A recent study also shows how geometry
of nanoparticles affect X-ray dose enhancements.130 Other theoretical studies reveal that targeted
gold nanoparticles can enhance dose to endothelial cells surrounding a tumor by over 200 times
depending on their concentration and energy of the irradiating X-ray photons.131 Dose
enhancement is often attributed to photoelectrons and Auger electrons generated from X-ray
irradiated nanoparticles. Photoelectrons are highly energetic, have a long range (up to hundreds
of microns) in surrounding water, and deposit a small fraction of their energy near the
nanoparticle. On the other hand, Auger electrons have lower energy and shorter range (typically
less than 1 µm), allowing most of their energy to be deposited close to the nanoparticle. Energy
deposition by electrons will hydrolyze water molecules surrounding cells and their nuclei,
producing free radicals that will induce DNA damage, eventually leading to cell death. Cell
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nucleus that contains DNA is thus considered to be the most sensitive to radiation
exposure.132-134 Due to major contributions from short range Auger electrons, dose enhancement
to nuclei is significantly different than that to entire cell. A recent theoretical study indicates that
nucleus dose enhancement factor (nDEF) or the ratio of dose delivered to nucleus with and
without gold nanoparticles can be as high as 73 for endothelial cell nuclei.135 Experiments have
also shown that gold nanoparticles can be internalized inside cancer cells, which makes
nanoparticle location control a feasible choice for dose enhancement and subsequent
radiotherapy.136 In addition, although gold nanoparticles have been the prime choice for
radiosensitizers due to their high biocompatibility, ease of conjugation to tumor targeting agents,
and high X-ray absorption coefficients, nanoparticles of other heavy metals such as bismuth and
platinum can also serve as promising alternatives to gold in radiotherapy.137-142 However, there is
no systemic investigation over potential benefits by controlling location and materials of
nanoparticles relative to cancer cells in X-ray radiation therapy.
An analytical approach developed by Ngwa et al.131 is used to derive radiosensitizing
abilities of bismuth, gold and platinum nanoparticles at diagnostic X-ray conditions (50, 110 or
300 kVp). For each type of nanoparticles, doses delivered to endothelial cells and their nuclei are
derived for particle sizes ranging between 2 to 400 nm in diameter, and concentrations ranging
between 7 to 350 mg of nanoparticle per gram of tumor tissue. The contributions from both
photoelectrons and Auger electrons are derived. Unlike previous studies, this work primarily
focuses on dependence of dose enhancements on material composition and size, as well as
location of nanoparticles using diagnostic X-ray sources (instead of using brachytherapy
sources). In addition, the variation of nDEFs with respect to nanoparticle location has been
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emphasized and discussed in context of photoelectron and Auger electron generation. Although
Auger electron cross sections are derived from a previous Monte Carlo simulation due to lack of
such data, the theoretical results from this investigation can provide useful insights in choice of
nanoparticles in terms of nanoparticle nature, size and targeting location to achieve maximum
efficacy in nanoparticle enhanced X-ray radiation therapy of cancer.

6.2. Methods

A slab of tumor endothelial cells with dimensions of 2 µm (thickness)  10 µm (length) 
10 µm (width) has been considered in the following simulations (Figure 6-1).131

Figure 6-1 Slab model of endothelial cell lining a tumor.

The radius of sphere with nanoparticle in center is equal to the range of emitted
photoelectrons generated by X-ray irradiation. Calculations are performed for spherical
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nanoparticles attached to the outer surface of a tumor endothelial cell. Nanoparticles of a wide
range of diameters are used to establish a relation between nanoparticle size and dose
enhancements. Concentration of nanoparticles is expressed in terms of mass of nanoparticles per
unit mass of tumor tissue, and corresponds to values found in previous theoretical and
experimental studies. An arbitrary dose Dw (2 Gy) is taken as dose absorbed by cell without
nanoparticle, which is also the dose absorbed by water inside the cell. The photon flux or the
number of photons per unit area of nanoparticle that corresponds to Dw is calculated using:
Dw = ∑

……………………………………………………………………………(1)

where Φ is photon flux (photon/cm2), Ep is the energy of a single photon (J), and

is

mass absorption coefficient of water (cm2/g) at a given energy E. The number of photons (Nph)
incident on nanoparticle is derived by multiplying photon flux with cross-sectional area of
nanoparticle; Nph = Φπr2, where r is radius of nanoparticle. The probability P of photoelectric
interaction of incident photons with nanoparticle is given by P ~

ρNPdNP where

is

the photoelectric absorption coefficient of nanoparticle at an energy E, ρNP is density of
nanoparticle, and dNP =

is the mean distance that the photons will travel through a spherical

nanoparticle when incident upon it. X-ray photons generated from a 50 kVp source have a mean
energy E ~29 keV. At E = 29 keV,

= 32.74 cm2/g for bismuth resulting in P ~ 8.54 

10-3 for ρBi = 9.78 g/cm3 and r = 200 nm. Since the number of photoelectric interactions is equal
to the number of emitted photoelectrons, the number of emitted photoelectrons per nanoparticle
is derived from NPE = Nph  P.
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The next step is to determine the number of nanoparticles that attach on cell surface at
given nanoparticle concentrations. The total mass of nanoparticles mtotal in the entire volume of
cell for a given concentration C (mg/g), is given by mtotal= CVECρEC, where VEC (210-10 cm3)
and ρEC (1 g/cm3) are the volume and density of cell, respectively. The mass of nanoparticle is
obtained as mNP = πr3ρNP. Therefore, for any concentration C of nanoparticles, the number of
nanoparticles that attach to cell is:
NNP =

=

…….……………………………………………………………….......(2)

The total number of emitted photoelectrons can now be calculated as NPEtotal = NPE  NNP.
To evaluate the range of emitted photoelectrons, the kinetic energy EKE of emitted
photoelectrons must be known, which is given by EKE = E-Eedge, where Eedge is relevant
photoelectric absorption edge of nanoparticle. The average L-edge of bismuth is 15 keV giving
EKE = 14 keV. As emitted photoelectrons interact with their surroundings, they will deposit
kinetic energy in a sphere of interaction centered on the nanoparticle. The radius of interaction
sphere defines the range Rtot of photoelectrons and is given by:
Rtot = 0.0431

-0.007 ……. …………………………………………………..(3)

At EKE =14 keV, Rtot is 4.81 µm. For electron with kinetic energy between 20 eV to 20 MeV,
Cole has derived an empirical relation143 between electron energy loss

(keV/µm) and

range Rtot (µm):
= 3.316

………………………............(4)

+

where x is the distance between the point where the photoelectron is generated and the point
where it has traveled to. The total energy deposited by single photoelectron in cell volume is
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obtained by integrating differential energy loss from surface of nanoparticle (r) to maximum
range (Rtot) of photoelectrons (Figure 6-1):
∫



dx ………………………………………………………………(5)

where:

)

t = cell thickness.
Assuming a homogenous distribution of nanoparticles, and the dose delivered to the total
volume of the sphere around the nanoparticle, the total energy deposited to cell by
photoelectrons can be derived by multiplying EEC with the total number of emitted
photoelectrons, i.e.,

=

NPEtotal. This calculation does not take into account the

hemispherical shell in the blood vessel and the spherical shell beyond the cell. Dose
contributions from nanoparticles on the opposite side of blood vessel are relatively small and
therefore have not been considered. The dose delivered to the entire cell by photoelectrons,
following nanoparticle and X-ray interactions, is obtained by dividing energy deposited in cell by
the mass (volume×density) of cell: DNP (PE) =

. DEF due to photoelectrons is given by:

DEF (Photoelectrons) =

=

……………………(6)

A DEF of 1.0 refers to 0% enhancement; while a DEF of 2.0 refers to 100% enhancement. At the
nanoparticle concentration of 7 mg/g, DEF is 1.307, meaning that adding 7 mg of bismuth
nanoparticles per gram of a tumor tissue increases X-ray dose by 65% when only the
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photoelectrons are considered for energy deposition. The calculations are repeated for a series of
nanoparticle concentrations ranging from 7-350 mg/g, and radius ranging from 1-200 nm. DEFs
due to photoelectrons are calculated for gold and platinum nanoparticles using the same
approach.
In order to derive contributions from Auger electrons, Auger electron spectra obtained
from Monte Carlo simulations for tumors loaded with gold nanoparticles at 7 mg/g and irradiated
with a 50 kVp X-ray source is used.127 The energy deposited by Auger electrons in the cell is
determined as described for photoelectrons. Average number of Auger electrons generated per
absorbed X-ray photon (at 7 mg/g nanoparticle concentration) is 0.56 as derived from the Auger
spectra.127 Number of source photons and number of Auger electrons obtained for each source
photon are multiplied to obtain the total number of emitted Auger electrons. Assuming a linear
relation between the number of Auger electrons per source photon and nanoparticle
concentration, the number of Auger electrons per source photon for any concentration can be
derived simply by using the value at 7 mg/g as described by Ngwa et al.131 For simplicity, the
average number of Auger electrons per source photon generated from bismuth nanoparticles and
platinum nanoparticles are also taken as 0.56 when irradiated by the same 50 kVp source. This is
reasonable approximation assuming that the difference in Auger electron spectra of platinum (Z
= 78), gold (Z = 79) and bismuth (Z = 83) is negligible due to their similar atomic numbers and
therefore similar Auger yields when exposed to the same X-ray beam.
Both photoelectrons and Auger electrons can cause radiolysis of surrounding water,
leading to formation of free radicals (mostly hydroxyl radicals). But free radical chain reaction
can be terminated by scavengers such as lipids in cell membranes, or enzymes inside cell. It has
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been found that mean diffusion length of free radicals is in the range of 200 nm in presence of
10-5 M scavengers in aqueous solution. Thus, to ensure maximum DNA damage caused by
photoelectrons and Auger electrons, it is necessary to position nanoparticle as close to nucleus as
possible. The slab model, used to calculate dose enhancement in cell, is slightly adjusted to
include a nucleus that occupies 10% of cell volume (Figure 6-1).135 The nucleus has a diameter
of 0.5 µm and a thickness of 1.0 µm, and is located at the center of 2 µm thick slab. The
boundary conditions in equation (5) are adjusted to include only the dose deposited by electrons
within 1 µm thick slab (KLMN) section containing the nucleus. Energy deposited within 1 µm
thick slab section containing nucleus is calculated as:


Eslab= ∫

dx



∫

dx ……. ……………………………(7)

For a centrally located nucleus inside a 2 µm slab
= Area of spherical cap ABC =
with t = 2 µm being the cell thickness. Plugging in parameters for 1.9 nm diameter bismuth
nanoparticles gives Eslab=1.45 keV. The average dose deposited in the slab section containing the
nucleus is given by:
Dslab =



…………………………………………………………….. (8)

The mass of nucleus is calculated from product of its volume and density (1.0 g/cm3). The nDEF
is obtained as follows:
nDEF =

……. ……………………………………………………………………….(9)

where DW = 2 Gy is arbitrary dose delivered to water. Plugging in values yields nDEF = 1.02 for
photoelectrons and 8.24 for Auger electrons when the concentration of the particles is 7 mg/g.
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6.3. Results and Discussions

Figure 6-2A shows variation of dose enhancement factor (DEF) due to photoelectrons as
a function of nanoparticle concentrations for 400 nm diameter bismuth, gold and platinum
nanoparticles irradiated by a 50 kVp X-ray source. For any given concentrations, bismuth
nanoparticles yield the highest enhancement factor, while gold and platinum nanoparticles
provide similar enhancements. This is in accordance with differences in X-ray absorption cross
sections of bismuth, gold and platinum. At a concentration of 350 mg/g, bismuth nanoparticles
provide 1.25 and 1.29 times higher dose enhancements than gold nanoparticles and platinum
nanoparticles, respectively.

Figure 6-2 Cellular dose enhancements for different nanoparticles as a function of local
nanoparticle concentration due to photoelectrons (A), Auger electrons (B) for 400 nm diameter
nanoparticles irradiated by a 50 kVp external beam X-ray source.

Figure 6-2B shows variation of dose enhancement due to Auger electrons with
nanoparticle concentrations. Although, DEFs due to Auger electrons increase linearly with
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nanoparticle concentration, they are considerably higher than those from photoelectrons at the
same concentration This is attributed to the short range (less than 1 µm) of Auger electrons,
which causes them to deposit most of their energies in the vicinity of the X-ray irradiated
nanoparticle. As a result of the near particle energy deposition, dose contribution within several
hundred nanometers from nanoparticle is dominated by Auger electrons. Auger electrons from
bismuth nanoparticles provide ~2 and 2.4 times higher enhancement than gold nanoparticles and
platinum nanoparticles at 350 mg/g. Total DEFs are calculated by summing contributions from
photoelectrons and Auger electrons. Table 6-1 summarizes total DEFs for three nanoparticle
concentrations for each of the three types of nanoparticles having a diameter of 400 nm.

Table 6-1. Dose enhancements in endothelial cell due to photo/Auger electrons.
DEF (Photoelectrons)

DEF (Auger electrons)

DEF (Total)

Nanoparticle
(400 nm)

7 mg/g

18 mg/g

350 mg/g

7 mg/g

18 mg/g

350 mg/g

7 mg/g

18 mg/g

350 mg/g

Bismuth

1.31

1.79

16.36

9.99

24.13

450.65

11.3

25.91

467.00

Gold

1.24

1.62

13.08

5.15

11.68

208.63

6.39

13.30

221.71

Platinum

1.23

1.60

12.73

4.74

10.62

188.01

5.97

12.22

200.71

Figure 6-3A shows effect of nanoparticle size on dose enhancement due to photoelectrons
alone at 7 mg/g for three different types of nanoparticles. Enhancement factor remains constant
with increase in particle size from 2-400 nm. Figure 6-3B shows enhancement factor due to
Auger electrons decreases with increase in particle size. Following an ionizing event, photo or
Auger electrons must escape nanoparticle before causing damage to surrounding cells; however,
the percentage of electrons emitted from nanoparticle upon X-ray excitation strongly depends on
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particle size, with a majority of low energy and short range Auger electrons being more readily
absorbed within nanoparticle of increasing size.

Figure 6-3 Cellular dose enhancements for different nanoparticles as a function of nanoparticle
radius due to photoelectrons (A), Auger electrons (B) for 7 mg of nanoparticles per gram of
tumor irradiated by a 50 kVp external beam X-ray source.

Because more Auger electrons can escape from smaller nanoparticles, the overall energy
deposited to surrounding cell is higher for smaller nanoparticles, resulting in higher dose
enhancements.132 On the other hand, the percentage of energy escaping as photoelectrons and
characteristic X-rays remains unchanged with increase in particle size, thereby, maintaining an
almost constant dose enhancement.125 As shown in Figure 6-3A and 6-3B, for any given size
(and concentration), bismuth nanoparticles provide the maximum dose enhancement, while
platinum nanoparticles have slightly lower DEFs than gold nanoparticles. The total enhancement
including both Auger and photoelectrons with respect to particle size is calculated by summing
the individual contributions from Auger electrons and photoelectrons.
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Figure 6-4A and 6-4B show variations in nDEFs with concentrations for photoelectrons
and Auger electrons, respectively, when irradiated by an external 50 kVp X-ray source Since
smaller nanoparticles have high Auger electron yield (due to low self-absorption), the
nanoparticle diameter used to calculate nDEF is chosen to be 1.9 nm instead of 400 nm in order
to emphasize influence of Auger electrons. Bismuth nanoparticles provide the highest nDEFs for
a given nanoparticle concentration, size and location.

Figure 6-4 Nucleus dose enhancements for different nanoparticles as a function of local
nanoparticle concentration due to photoelectrons (A), Auger electrons (B) using nanoparticles
with 1.9 nm diameter where the cell exposed to 50 kVp X-rays has a nucleus occupying 10% of
the cellular volume.

The total nDEFs can be obtained by adding nDEF values for photoelectrons and Auger
electrons. Table 6-2 summarizes nDEFs due to photoelectrons and Auger electrons for a
centrally located nucleus using three different concentrations with nanoparticle diameter of 1.9
nm.
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Table 6-2. Dose enhancements in nucleus due to photo/Auger electrons.
nDEF (Photoelectrons)
Nanoparticle
(1.9 nm)

nDEF (Auger electrons)

nDEF (Total)

7 mg/g

18 mg/g

350 mg/g

7 mg/g

18 mg/g

350 mg/g

7 mg/g

18 mg/g

350 mg/g

Bismuth

1.02

1.31

1.77

8.24

19.61

362.92

9.26

20.92

364.69

Gold

1.01

1.24

1.61

4.33

9.55

167.25

5.34

10.79

168.86

Platinum

1.01

1.23

1.59

4.00

8.70

150.75

5.01

10.29

152.34

The location dependent variation of nDEF is studied for photoelectrons and Auger
electrons. The zero position is taken as the location where nanoparticle is closest to the nucleus
or just inside the nucleus. Figure 6-5A and 6-5B show how nDEF varies as the nanoparticle is
moved away from the nucleus, with regards to the energy distributions from photoelectrons and
Auger electrons, respectively..

Figure 6-5 Nucleus dose enhancements for different nanoparticles as a function of distance
between the nanoparticle and nucleus, due to photoelectrons (A), Auger electrons (B) for 1.9 nm
diameter nanoparticles (at 7 mg/g) when irradiated by a 50 kVp external beam X-ray source
where the nucleus occupies 10% of the cellular volume. Zero distance refers to the position when
the nanoparticle is just inside the nucleus.
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The concentration of nanoparticles is chosen to be 7 mg/g. The long-range photoelectrons
deposit their energy relatively uniformly over the entire cell volume with nDEF remaining fairly
constant as the nanoparticle is moved away from the nucleus. In contrast, short range Auger
electrons deposit more energy closer to the nanoparticles; therefore, the highest nDEFs are
achieved for nanoparticles that are located closest to the nucleus. Results summarized in Table
6-1 and 6-2, confirm that for any given nanoparticle concentration, size or location, bismuth
nanoparticles offer significantly higher dose enhancements for both cell and nucleus compared to
gold nanoparticles and platinum nanoparticles when irradiated by a typical low energy 50 kVp
diagnostic X-ray source.
Figures 6-6A-C show how the cellular dose enhancements due to photoelectrons alone
depend on energy of irradiating X-ray sources at different particle concentrations for bismuth,
gold and platinum nanoparticles, respectively. For each type of particle, the diameter is taken as
400 nm. Figure 6-6D shows the results obtained at nanoparticle concentration of 350 mg/g. In
addition to the 50 kVp source, X-ray sources with ratings of 110 kVp (average energy ~40
keV)144 and 300 kVp (average energy ~100 keV)125 are used to study the energy dependence of
cellular dose enhancements. Our results are consistent with earlier studies125 that used Monte
Carlo simulations and reveal a general trend of increasing dose enhancement with decreasing
energy of X-ray sources for a given nanoparticle type.
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Figure 6-6 Endothelial cell dose enhancement factor (DEF) as a function of local nanoparticle
concentration due to photoelectrons alone at different X-ray tube voltages for bismuth (A),
platinum (B) and gold (C) nanoparticles; endothelial cell dose enhancement factor (DEF) due to
photoelectrons alone for three different X-ray sources when the nanoparticle concentration is 350
mg/g (D).

The k-edge energies of bismuth, gold and platinum are 91, 81 and 78 keV, respectively.
The 50 kVp and 110 kVp sources have average energies below k-edge while 300 kVp source has
an average energy above k-edge of particles. An abrupt increase in photoelectric absorption
coefficients is observed only when the average energy of the primary X-ray photons matches
k-edge energies or when a monochromatic X-ray source with the same energy as k-edge of
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nanoparticles is used. Low energy diagnostic X-ray sources are therefore ideal for nanoparticle
enhanced therapeutic applications, particularly for treatment of surface cancers. However,
treating deeply buried cancers would still require high energy X-ray beams that can penetrate
deeper inside the body.

6.4 Conclusion

In this work, an analytical approach is adopted to obtain dose enhancements for tumor
cells and their nuclei using bismuth, gold and platinum nanoparticles. Energy depositions from
both photoelectrons and Auger electrons, generated by X-ray irradiation of nanoparticles have
been considered. The dependence of dose enhancements on nanoparticle material composition,
location, size, and concentration, as well as the energy of irradiating X-ray photons, are derived
based on the mathematical model. Maximum dose enhancements are achieved in the case of
bismuth nanoparticles; smaller nanoparticles coupled with low energy external beam X-ray
sources can greatly enhance dose delivered to cell or nucleus with maximum enhancements
being obtained for particles that are located closest to the nucleus. While, this study indicates the
use of bismuth and platinum as a potential alternative to gold in nanoparticle aided radiation
therapy of cancer, further studies are warranted to investigate X-ray induced DNA damage,
toxicity and biocompatibility of these particles before the proposed method can be put into
practical use.
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CHAPTER 7: SUMMARY AND FUTURE WORK

7.1 Summary

A novel strategy has been developed for cancer detection and treatment using X-rays and
nanoparticles. Multiple DNA and protein biomarkers have been detected based on characteristic
X-ray fluorescence of a panel of metal and alloy nanoparticles, which are modified with ligands
of biomarkers to create a one-to-one correspondence and immobilized on ligand-modified
substrates after forming complexes with target biomarkers in three strand or sandwich
configurations. By determining the presence and concentration of nanoparticles using X-ray
fluorescence, the nature and amount of biomarkers can be detected with limits of 1 nM for DNA
and 1 ng/ml for protein. Multiplexed biomarker detection allows early and accurate detection of
cancer, thereby greatly increasing the reliability of prognosis. By combining high penetrating
ability of X-rays, this method can allow quantitative imaging of multiple biomarkers in-vivo.
A new nanoparticle-enabled technique for integrated enrichment, detection and killing of
circulating tumor cells or CTCs, in-vitro, has been demonstrated by using magnetic nanoparticles
and bismuth nanoparticles, X-ray fluorescence spectrometry, and X-ray radiation. Results show
that the method is capable of selectively detecting CTCs with high specificities, at concentrations
ranging from 100-100,000 cells/ml in the buffer solution and achieving detection limit of ~100
CTCs/ml. Further improvements can be made to reach lower detection limits Detection of CTCs
in whole human blood has also been demonstrated. Moreover, in this integrated approach, the
dose of primary X-rays can be tuned to kill more than 80% of the localized CTCs by radiation
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induced DNA damage where the killing effect is significantly enhanced by the use of X-ray
absorbing metallic nanoparticles. Being highly selective to cancer cells, the method causes no
damage to normal healthy cells, thus making in vivo personalized CTC management possible.
In-vitro cytotoxicity of bismuth nanoparticles is studied by three complementary assays
(MTT, G6PD, and Calcein AM/EthD-1). Concentration dependent cytotoxicities have been
observed for bismuth nanoparticles and surface modified bismuth nanoparticles. The bismuth
nanoparticles are non-toxic at concentrations of 0.5 nM or lower. Nanoparticles at high
concentration (50 nM) kill 45%, 52%, 41%, 34% HeLa cells for bare nanoparticles, amine
terminated bismuth nanoparticle, silica coated bismuth nanoparticle, and polyethylene glycol
(PEG) modified bismuth nanoparticle, respectively; which indicates cytotoxicity in terms of cell
viability is in the descending order of amine terminated bismuth nanoparticles, bare bismuth
nanoparticles, silica coated bismuth nanoparticles, and PEG modified bismuth nanoparticles.
HeLa cells are more susceptible to toxicity from bismuth nanoparticles than MG-63 cells. The
simultaneous use of three toxicity assays provides useful information on how nanoparticles
interact with cells. The findings have important implications for caution of nanoparticle exposure
and evaluating toxicity of bismuth nanoparticles for future in-vivo applications.
An image-based, on-chip microtissue radiation biodosimeter has been designed and
fabricated that can simultaneously monitor radiation responses of multiple mammalian cell types.
The microtissue chip is fabricated by molding molten agarose gel onto microfabricated patterns
to form microwells, and seeding a variety of cell suspensions into different microwells inside the
agarose gel. After X-ray irradiation, the cells are stained with trypan blue dye which changes
color upon X-ray irradiation indicating cell death. The camera of a mobile phone is used to
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collect images of an array of microtissues, where the subsequent color changes of microtissues
upon X-ray irradiation allows accurate determination of cell death. The intensity of the color is
directly related to amount of radiation dose and the number of cell deaths. The images can be
transferred wirelessly to a lab for further analysis, allowing the biodosimeter to be used for
convenient field deployable monitoring of radiation exposure. The biodosimeter can be used for
simultaneous and accurate monitoring of radiation responses of multiple mammalian cells in
X-ray radiation therapy of cancer.
An analytical approach has been used to calculate dose enhancements to tumor
endothelial cells and their nuclei for a series of nanoparticles (bismuth, gold and platinum)
located at different locations relative to nuclei by considering contributions from both
photoelectrons and Auger electrons. Dose enhancement factors or DEFs depend on material
composition, size and location of nanoparticles with respect to the cell and the nucleus. Energy
of irradiating X-ray beam affects X-ray absorption by nanoparticles and plays an important role
in dose enhancements. For typical diagnostic X-ray sources, bismuth nanoparticles provide
higher dose enhancements than gold and platinum nanoparticles for a given nanoparticle size,
concentration and location. The highest DEFs are achieved for nanoparticles located closest to
the nucleus where energy depositions from short range Auger electrons are at maximum. With
nanoparticles ranging in diameter between 2-400 nm, the dose enhancement increases with
decrease in particle size. The results will be useful in finding optimized conditions for
nanoparticle enhanced X-ray radiation therapy of cancer.
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7.2 Future Work

Future study is intended to determine the effectiveness of a class of novel nanoparticles
for cancer imaging and therapy in mice using X-rays. In order to develop a system for selective
local delivery of nanoparticles to tumors, for effective diagnosis and treatment, the various
techniques demonstrated in this dissertation work will be tested in vivo. This will help to better
understand the complex relationships involved in tumor growth and invasion and how this is
affected by X-rays and nanoparticles under in vivo conditions. In addition to aiding tumor
imaging, these nanoparticles can also act as radiosensitizers localizing X-ray dose within the
tumors. Tumors will be grown subcutaneously in mice and, nanoparticles, modified to target
specific receptors on the tumor surface, will be injected. X-ray imaging will be performed to
study the contrast enhancements provided by different nanoparticles for visualization of tumors.
Following X-ray irradiation; tumor size will be monitored for possible therapeutic applications of
these internalized nanoparticles. The in vivo experiments are expected to validate the findings
obtained from the theoretical studies on nanoparticle aided X-ray radiation therapy.
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